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PREFACE 


This is the third Russian edition of “Automation in Electrical Power Systems” 
which covers design and operation of automatic control devices intended to 
prevent and clear faults in electrical power systems and restore power to the 
loads in the event of breakdown thus assuring continuity of the supply. 

The reliable and unfailing operation of such devices has been ensured through 
the research and development effort put into automatic power control systems. 

The book discusses automatic control in conjunction with protective relaying, 
since the required reliability and economy of power system operation can be 
achieved through the combined action of both groups of equipment, each cate- 
ring for specific aspects in functioning of loads and generating sources. 

The wide use of automatic control systems adds to the reliability, stability 
and economy of power supply systems and takes some burden from attending 
personnel. 

The book is designed as a study guide for students of power engineering 
secondary schools. It may also interest engineers concerned with the operation, 
installation and design of protective relaying and automatic devices used 
in electric power stations and networks. 
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1-1. Purpose of Automatic Power Control Systems 


For the purpose of this book, the term “automatic control systems” will apply 
to an assemblage of devices which are not protective relays) although interac- 
ting with them and performing operations in order to: 

prevent, locate and eliminate faults affecting the whole or part of a power 
system; 

distribute electric power to the individual parts of a power system; 

restore normal connections in the system and the continuity of power supply 
to loads after faults. 

Early devices of this type appeared in Soviet power systems even in the 
thirties including automatic transfer equipment, automatic circuit reclosers 
and automatic forcing devices for excitation of generators. About the same 
time, work closely related to the above mentioned automatic control systems 
was started to find ways and means of preventing false operation of relays 
under overloads and instabilities, and to use the self-starting ability of induc- 
tion motors.. 

When used on a large scale in the Ural power systems, these practices fully 
proved their worth under the strain of the Great Patriotic war in 1942-1945. 
As a result, there were practically none of the severe instabilities, sustained 
loss of synchronism or heavy load shedding which occurred in the past. 

It is of interest to note that at that and later time the devices used in the 
Urals to sectionalize the power system at will upon a loss of synchronism were 
classed with protective relaying and called accordingly “sectionalizing protec- 
tions”. Today similar devices are looked upon as vital automatic control system 
components and are usually termed “sectionalizing controls”. 

The successful experience gained from the use of automatic power controls 
employed in the Ural power system was utilized and developed in the Central 
power systems, Leningrad power system and later on in other regional power 
systems of the USSR. 

At that time, important additions were made to the automatic control 
equipment in the form of automatic frequency control. Techniques have been 
developed which assure reversal of synchronous motors and quick. connection 
of synchronous generators through the -:self-synchronization method under 
emergency conditions. With the generating units at hydro-electric power sta- 
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tions put under automatic control, automatic devices have come into use which 
activate the reserve capacity upon a reduction in the frequency. 

Automatic reclosure equipment was extended to include phase-by-phase 
and some other varieties of reclosure not only on power transmission lines, but 
also on busbars and transformers. Improvements have been made in both the 
circuitry and components of power control systems and new automatic devices 
have appeared. All this materially contributed to the creation of the Unified 
Power Grid of the European USSR and its trouble-free operation. 

According to the Regulations for Installation of Electrical Equipment, the 
devices comprising automatic power control systems must be considered at the 
design stage and put into service at newly built power systems. The latest 
edition of these regulations (1966) includes a section “Automatic Control Systems” 
which covers automatic reclosure; automatic transfer; generator control; auto- 
matic regulation of excitation, voltage and reactive power; automatic fre- 
quency control of power system; automatic regulation of frequency and active 
power; sectionalizing protection. 

Automatic control devices may be referred to any particular category only 
arbitrarily, because one and the same device can produce many effects. For 
example, instantaneous clearing of short-circuits adds to the stability of parallel 
operation of synchronous machines, facilitates self-starting of asynchronous 
loads, reduces resulting damage and improves the probability of successful 
automatic reclosure, i.e., contributes to the quick restoration of the normal 
power system operation. Another example is the effective use of automatic 
transfer devices in the house circuits. Those devices, when combined with 
appropriate sectionalizing technique, do not allow single shutdowns or faults 
to grow into a major station outage which may well expand into a system outage. 

There is a close functional tie-in between devices which automatically regu- 
late frequency and active power, control and limit power flows in transmission 
lines, unload the lines, and the automatic sectionalizing devices. 

Where systems are only loosely interconnected, parallel operation can be 
ensured and the power-carrying capacity of the interconnections can be better 
utilized only through the combined use of the above devices. 

Devices used for automatic excitation regulation of synchronous machines 
improve the stability of parallel operation, add to the performance accuracy 
of protective relaying, facilitate the self-starting of loads after clearing short- 
circuit faults and allow the voltage regulation process to be performed automa- 
tically. 

In some cases, automatic transfer and reclosure equipment can give a suf- 
ficient degree of operational stability to simplified substations using inexpen- 
sive switchgear. 

Supervisory control of a power system finds its use along with power system 
automation. The remote control, telemetering and remote signalling (supervi- 
sory control) devices allow the monitoring and control of remote stations or 
units to be centralized by transmitting the required information over a distance, 
which in turn makes it possible for the power system or its part to have centra- 
lized control. Control operations in this event are performed directly by person- 
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nel at the central station. Such supervisory control is far from being automatic. 
It is planned to make supervisory control fully automatic by using high-speed 
digital and analog electronic computers. 

It should be noted that if an operation can be performed automatically 
or manually by supervisory contro] with much the same technical and economic 
results preference should be given to automation. In this event, possible errors 
of operators are prevented, their work is made easier, and reliability is improved. 

Supervisory control lies beyond the scope of this book, as it is a subject 
in its own right. The only exception is remote tripping, for remote tripping 
devices are purposely designed to operate in conjunction with protective relaying 
and automatic control devices. Devices for remote automatic centralized regu- 
lation including telemetering and remote control apparatus are not considered 
either as they are still under development. 


I-2. Elements of Automatic Control Systems 


Any automatic control device including those used in power systems has in 
one form or another the following essentials: an element to sense the effect 
of an external factor, an element to convert it into an output signal in a prede- 
termined manner, and an element which carries into effect the action of the 
output signal so that the variable may be under control. These elements may 
use combinations of devices performing amplification, signal delay, logical 
and mathematical operations (summation, inversion, differentiation, integra- 
tion, multiplication, division), and also transducers, relays and regulators 
or controllers. 

Transducers or measuring elements respond to an external action. When 
converting this action into an output signal, a transducer may operate inter- 
mittently or continuously, as appropriate to the control action adopted. 

A relay is a device designed to interpret an input value characteristic of 
certain external phenomena in order to automatically change in a stepwise 
manner another value determining another external phenomenon. 

An automatic controller (regulator) is a device which maintains a desired 
quantity at a predetermined value or varies it according to a predetermined 
plan or according to a self-executed plan satisfying the specified, say, optimum, 
conditions of operation. 

Although they may sometimes act independently of one another, automatic 
control devices and their elements are usually coupled electrically, magnetical- 
ly, mechanically, hydraulically or pneumatically to each other or to elements 
essential to the operation of the entire automatic system. 

Electrical interconnections of the individual elements of automatic devices 
and various automatic systems are depicted in the form of diagrams. 

Circuit diagrams are drawn and circuit symbols are used in accordance with 
pertinent State Standardsl!-1], 

_ High standards of reliability are an important requirement generally placed 
upon automatic control devices. Lately, it has become possible to regard relia- 
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bility as a measurable performance parameter and on this basis to better predict 
the reliability of various designs. 

The failure rate of automatic control devices is given by the total number 
of element failures during a given service life. Service conditions are supposed 
to be invariable during the entire service period. Failure occurrence is dependent 
on the compound action of a number of statistical random processes acting 
during time t. 

The failures as defined above with continuously acting automatic control 
systems including regulators (controllers) show themselves immediately as 
faults in the proper operation of the system being controlled. With discrete- 
action automatic devices, automatic circuit reclosing, automatic frequency 
control, and automatic sectionalizing devices, for instance, a failure may mani- 
fest itself either as an inability to operate or as an unnecessary functioning 
operation. Under adverse conditions both types of failure may result in a power 
system breakdown or may lead to its development. 

It is possible to specify the probability of no-failure operation, P,, that the 
control system and its elements should have. It, thus, appears necessary, by the 
reliability theory, to resort to the system and element redundancy. 

It. is. important to make the system convenient to operate and maintain 
so that no check or test can interfere with the functioning of the basic equipment. 

With a discrete-action automatic control device the probability of no-failure 
operation during a waiting period (queuing time) Piw should be at least 0.9 
to 0.95, these figures being based on the performance analysis of similar devices 
in use. During holding (service time), i.e., when a need arises for device function- 
ing, the P, value should be 0.95 to 0.99. With continuous-action automatic 

control devices (regulators) the probability of no-failure operation must evidently 
be not less than 0.9[0-2], 

The greater the non-failure probability, the more dependable the device 
and, hence, the more rarely it may be subjected to scheduled maintenance. 

Probability of no-failure operation P;, as a function of mean time ¢ to fai- 
lure, and failure rate A is defined by the exponential reliability equation: 


P,=e-™ (I-1) 


The above expression is valid for most devices in mass use for which the 
failure rate A remains constant over the time £ under consideration. 

With devices whose compound action is determined by series connection 
of its elements or by their sequential functioning, the total failure rate 


Az = Ay + io + Aat -FAnn (I-2) 

and 
Pzt = PıP2P3. - -Pn (I-3) 
With ‘devices the compound action of which is determined by parallel 
connection of its elements or their parallel operation (an example is parallel 


redundancy components), the exponential reliability equation cannot be used. 
If this is so, the failure probability Q of a system including n parallel- connected 
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elements. 
Qz = 419293 - - -an (I-4) 
The compound probability of no-failure operation becomes 
Pu =1— Qr (1-5) 
as 
Pxy+ Qst=1 (1-6) 


For conservative calculations of a reliability margin, as compared to the 
actual value’ of failure rate, àx may be approximately estimated similarly 
to the total resistance of parallel-connected electrical networks 


1 1 1 q 1 = 
a eo i seal 0) 
i.e. 
4 1 1 4 4 
oa e ; oT (1-8) 


Automatic control equipment must be chosen with a particular objective 
in view. In some simple cases, the choice may be based- on the economic gain 
returned by the use of such equipment. Examples are automatic circuit reclo- 
sures for a single line with one-end supply, automatic transfer operations at 
a two-transformer step-down substation with separate operation of the trans- 
formers at the low-tension side, automatic regulation of the voltage across step- 
down transformers under load, automatic regulation of power flows, etc. In 
such cases, the performance and economic characteristics obtained are determi- 
ned by comparing the savings of the automated and non-automated systems 
after a year’s operation 


P= (Paut — 116P) — Pron-aut (1-9) 


where Pau: = economic characteristics per operation year of many units in 
an automated system 
Pex = total annual expenditure required for placing the automatic 
system into service and for its operation and maintenance. The 
depreciation period of the equipment may be assumed to be 
15 years. Therefore, the cost of equipment per year of operation 
may be evaluated as 1/45th of its total cost including installa- 
‘tion and shipment costs 
1.16= national economy coefficient when Pex sum of money is invested 
in the industry 
Prcn-aut = economic characteristics per operation year of a non-automated 
system 
However, to calculate the economic benefits, say, from equipping a power 
centre with all the required automatic controls is at present far from easy. 
Statistical data may be used to determine the failure probability of separate 
elements of equipment and transmission lines. Since the use of a whole assemb- 
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lage of automatic power control system has now become an integral part of 
the power generation and distribution process in the Soviet Union, the proba- 
bility of a severe chain fault affecting the entire power system is minute and 
can be hardly determinedl!-1], 


I-3. Automatic Control and Controllers 


Automatic control is an integral part of most automation processes. The 
appropriate general theory is an individual subject. Discussed below are only 
some of the principles of the theory and the definitions needed for considering 
actual automatic controllers of the automatic power control system. A manual 
control process is considered first. 

For example, the terminal voltage of a generator starter has deviated from 
the rated value. Observing this on an instrument, the operator begins to decrease 
or increase the resistance of the exciter field rheostat, depending on whether 
the voltage has increased or decreased until the generator stator terminal voltage 
returns to its rated value. 

Now, let us answer the following question: at what voltage deviation must 
the operator operate the exciter field rheostat and at what rate? 

If control adjustments are begun at very small departures with perceptible 
changes in the field rheostat resistance overshooting may occur, which may 
also happen if the operator starts the control operation during short-time tran- 
sient voltage variations. A skilled operator begins to change the position of the 
field (shunt) rheostat control only after AU exceeds a certain permissible 
value during a period long enough to show that the process is not transient. 
The greater the voltage departure, the more quickly he will operate the control. 
However, to perform such actions quickly with proper coordination is not easy 
and the variable under control cannot be manually maintained accurate and 
continuous. 

Automatic contro] (Fig. I-1) should not only remove the burden of strained 
attention and corresponding actions from the operator, it should also materially 
improve the control process and eliminate the human factor among other 
effects. Manual control is accomplished through an open-loop system, whereas 
the automatic control is performed by a close-loop system without human inter- 
vention. 

With the open-loop systems of control the input, depending on the output 
value, is acted upon by the operator. In the case of closed-loop systems this 
action is carried out by the feedback device. Individual elements of a control 
system may also be operated on a feedback basis. 

We distinguish between two basic types of feedback: degenerative or nega- 
tive feedback in closed-loop control systems when the feedback energy is out 
of phase with the applied signal and thus opposes it, and regenerative or positive 
feedback when the output is in phase with the input, i.e., it reacts upon the 
input in such a manner as to reinforce the initial power. This latter phenomenon 
is applied in various types of amplifiers. 
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f Feedback systems may be direct or elastic. Direct systems have continuous 
feedback signals. Elastic systems have their feedback signals fed only at discrete 
instants of time. The abrupt change of a variable under control during a tran- 
sient process of regulation going at a certain rate is an example. 


Sensor Comparing element| Uo 
(measuring element) (comparator) 


BU=U; - 













Manual or program- 
controlled adjus ement 


Cenerator under 
control 









mplifier er e e 
electronic and the like) 


Dynamoeleciric 
amplifier (exciter) 


Fig. I-1. Diagram showing the voltage control across the generator stator 
terminals 
1 — disturbing effect 


By the resultant effect on the change of the variable under control the control 
systems are subdivided into astatic and static (Fig. I-2). Within an adequate 
control range, the astatic control keeps the value of the variable y constant 
whatever the variations of the input parameter (x) 


Y = Yorig = const (I-10) 
Under static control 
Y = Yorig — kx (I-11) 
where 
k= tana (I-12) 


and called “static coefficient”. 

For analysis, an automatic control process is divided into separate elements 
(Fig. 1-3). The operation of each element is described by its static (steady-state) 
and dynamic characteristics. The static characteristic illustrates the relation- 
ship between the output (y) and input (7) when operating under steady-state 
conditions with external effects being varied. 

An element is called linear if its static characteristic is expressed by a linear 
relationship. | 

If the element characteristic is other than linear, its properties are often 
analyzed by means of the linear-segment replacement method, i.e., the curved 
portion of the characteristic is replaced at certain intervals with straight line 
segments at different angles. 


2—01513 





0 (è) 


Fig. 1-2. Characteristics of control system 
(a) astatic, (b) static 






Static error 


— 





Fig. 1-3. Control system Fig. l-4. Power system frequency changes after throw-- 
element ing off load and use of reserve 
1 — disturbing effect 1 — with overshooting; 2 — without overshooting 
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The final steady-state output value of the element 
Y final = KgXfinat (I-13) 


where k, is the gain factor of the element. 
If an automatic control system has 1, 2, 3, ..., n series-connected elements 
with gain factors ky, kgs, kgs, - - +» Kgn respectively, the total gain factor 


kg = kgıkgzkgs . -kgn (1-14) 


The greater the control system gain factor, the more intensive is the control 
process, but the possibility of overshooting is greater. When use is made of auto- 
matic control, the difference between the final steady-state value of the para- 
meter under control and its original value is determined by the value of static 
error (Fig. I-4). This error defines the static nature of the control process. 





Fig. I-5. Control characteristics 


(a) characteristic of input variable change x = f, (t); (6) simple lag elements; (c) quad- 
ratic lag element; (d) oscillating element 


The dynamic characteristics is the time variation dependence of the element 
output parameter y = f (t) after instantaneously applying an external distur- 
bance which changes abruptly the input variable z by a certain final xyinQ; 
value (Fig. I-5a). 

The control elements may be distinguished by their dynamic characteristics. 
Some of the basic distinctions are as follows. 

Simple lag element (Fig. 1-5b). The characteristic of the element is described 
by the expression l 


t 
Y= Yina (1—e T) (I-15) 
24 
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which is the solution of differential equation 
dy PE 


‘The constant T found in (1-15) and (I-16) describes the time lag of the ele- 
‘ment. The final steady-state value sets in after time tying, © 3T. 

Quadratic lag element (Fig. I-5c). The characteristic curve of this element has 
a deflection point P and is described by a second order differential equation 


d? od 
The Hi y= ka (I-47) 
when 
LS 27 yy (1-18) 
Here Tu = f (7) [see Fig. I-5c and reference l-4]. 


A quadratic lag element can be obtained by cascade connection of two simple 
lag elements. Let y, = f; (x1) be the static characteristic of the first element and 
Yo = fz (£2) of the second element, then 


T, By = ka (I-19) 
is the dynamic characteristic of the first element and 

Tz tay, = kot (I-20) 
is the dynamic characteristic of the second element. M 


The resultant characteristic is found by substituting y; for ta. 
The resultant static characteristic is determined by the expression 


Yo = Í (22) = f2 Ifi (2) = fs (21) (I-21) 
“The resultant dynamic characteristic is obtained as follows. From (I-20) 


we have 


a 22, W y Ye : 
ae de a re TY (1-22) 


_ Substituting the value of y, from (I-22) into (I-19) gives 


TTo dy Tı dy To dys Y2 | __ 
ae ae Pe a ae 





dt2. kz dt 4 ko “dt 
Hence 
TTo dya ; (TitTa) dyz y Yo _ T 
ae eae ag oe) 
or 
d2 dy: 
TiTa= Gat (Pst Pa) Ge tye = hao 24) 
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which corresponds to (I-17), where 


PiT,=Th \) 
T,4+T,=T, } (I-25) 
kiko =k J 


Oscillating element (Fig. I-5d). The oscillation amplitude fades exponentially. 
The characteristic is expressed by a second order differential equation 


d2 d 
T; SEHT, E Jyske ea 
when (I-26) 
Tı < 2T, 
Here T, = f (ž) and T3 = “42 (see Fig. I-5d and TI-4]). 


The greater 7, as compared to 7,, the greater the oscillations. Therefore, 
the constant 7, determines the damping of the element and the constant 7, 
its amplitude. When no damping occurs the element is a harmonic oscillation 
source. 

Pure gain element, in other words an ideal element, allows the output para- 


meter to increase with such a small time constant T, that the term 7 oy in 


(I-16) may be neglected. In this case the dynamics equation of the element has 


the form . 
y= kx (1-27) 


which coincides with the static characteristic equation. 

Differentiating and integrating elements. Automatic control systems also use 
elements whose action depends on the derivative of the variable being controlled 
(differentiating elements) and on the integral value of the variable (integ- 
rating elements). 

The equation of the differentiating element is as follows: 


d. 
and that of the integrating element 
d 
y=k | # (1-29) 


The introduction of derivatives into the control equation facilitates the 
control process. An integral in the control equation allows the influence on the 
variation in the value of the controlled variable to be continued even when the 
mismatching quantity decreases to a very small value, hence, the value of the 
static error is reduced, i.e., the control becomes astatic. The effect of the dif- 
ferentiating elements on the control process can be obtained by the use of elastic 
feedback. If the control equation can be described by a differential equation 
of the first, second or third order, then the control (regulation) systems are 
called control systems of the first, second and third order respectively. 


22 INTRODUCTION 


Performance analysis of distinct control systems begins with describing the 
control process by a system of differential equations. To choose the optimum 
parameters of the system, means investigating the process differential equations 
and finding suitable coefficients for the characteristic equation. However, the 
final adjustment of the automatic control system used to control a power system 
is carried out experimentally, as mathematical equations cannot always describe 
completely the operation characteristic of a power system. Therefore, when furt- 
her discussing ċontrol devices for control of the power systems we do not require 
detailed mathematical analysis. The above definitions and characteristics were 
introduced in order to impart some idea of the processes occurring in certain 
elements used in control equipment. 


I-4. Relays and Relaying Devices 


Automatic devices pertaining to relays or relaying devices have four essen- 
tial elements. These are detecting, actuating, delaying, and controlling elements. 

The detecting element responds to external variables and abruptly changes 
the state of the. actuating element when the external variables reach certain 
values (the position of the contacts, if used; change of resistance, inductance 
or electromotive force in the controlled circuits of contactless design; and actua- 
tion of the tripping mechanism in case of direct action relays). 

The element which introduces a lag in the relay operation is called the delay 
element or the time delay element. If the actuating element effects changes 
in the pick-up settings of its detecting element and detecting elements of other 
devices, such an actuating element is called the control element. 

‘The properties of a relaying device, i.e., the relaying operation, may be 
featured by many automatic devices employing electromechanical, electrop- 
neumatic, electromagnetic or electrohydraulic apparatus, vacuum tubes, semi- 
conductors, magnetic elements and the like. These operating conditions are 
used also by various types of switches and circuit breakers, the actuators of 
which control the closure and opening of power networks. 

More than that, the relaying mode of operation is also known for the fact 
that a small change in the external factor which a detecting element senses can 
cause a wide variation in the quantities under control of the actuating element, 
which are characteristic of other external phenomena. Hence, the external 
factor effect is multiplied many times. If this is so, the relay involved is consi- 
dered to be an amplifier with a high gain factor or a trigger. 

Like in the protective relaying devices, the relays employed in an automatic 
control system control mainly electrical circuits. The actuating element can act 
on the circuit with or without contacts. As to their function, the relay contacts 
are making, breaking, double-throw or impulse (variable) contacts. 

Relays may be of a two-position type in which case the state of the actuating 
system (element) may be either operative or inoperative, and of a multiposition 
type when there may be more than two positions of the actuating element, 
depending upon the magnitude of the externally acting factor. 
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If the actuating element and all the working parts automatically return 
to their initial position when the external factor no longer acts the relay is cal- 
led “self-resetting” and, if the working parts remain in contact, the relay is 
called a “seal-in” relay. When a relay does not reset instantaneously but only 
after some length of time it is termed a “time-delay” relay. 

The pickup value (parameter) P, is the minimum value of the external factor 
which causes response of the detecting element. An example is the closure 
of making contacts or the opening of breaking contacts. 

The drop-out value P 4 is the maximum magnitude of the external factor which 
causes response of the detecting element and makes the actuating element per- 
form the reverse of the pickup operation. 

The reset value P, is the largest magnitude of the external factor which causes 
response of the detecting element and makes all the elements of the relay return 
to the initial state. 

The pickup and reset parameters should not be confused with the relay 
must-operate parameters when picking up or dropping out, i.e., with those 
values of the external factor (minimum in picking up and maximum in dropp- 
ing out) at which qualitative changes occur inside the relay. Those are requisite 
but not always sufficient to cause the pickup or dropout operation. 

Of importance for performance analysis of various automatic devices is the 
reset — pickup ratio given by 





k, = (1-30) 


Nowadays, there are many methods which permit the k, value to be appro- 
ximated to unity in various relaying devices. This adds to the sensitivity of the 
detecting elements. 

The relays are distinguished as the relays that respond to current, voltage, 
impedance, power, etc.; the relays responding to the duration of a phenomenon 
(timing relays); the relays responding to the sequence of events (logic operation 
elements); the pulse frequency relays (counting devices), etc. 

Besides, the relays are distinguished by the range of quantity values which 
the detecting element responds. These are “over” and “under” (maximum and 
minimum) relays, and quantity sign relays such as directional and polarized 
relays. 

The reset-pickup ratio k, is less than unity for overcurrent and overvoltage 
relays and more than unity for undercurrent and undervoltage relays. When 
constructing circuits for automatic control, however, all relays are presumed 
to be under storehouse conditions (i.e., deenergized) and function when the 
variable under measurement increases in excess of the operating setting. Under 
such conditions k, is always less than unity and the minimum relays with 
making contacts are considered as maximum relays with breaking contacts. 

Relays can be electrical, mechanical, hydromechanical, thermal, optical, etc. 

Depending upon the condition of the variables controlled by the relay, 
distinctions are made between protective, supervisory, overload, correspon- 
dence, synchronizing, etc. relays. 
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As to their position in the equipment and the functions performed, relays 
are classified as primary when the detecting element is connected directly 
to the circuit whose variations make the relay function; secondary relays when 
the detecting element is connected into the circuit under control via an induc- 
tive or capacitive coupling device; slave relays which serve as an intermediate 
element in the equipment circuit; timing relays which provide the required 
time lag in the device; indicating relays which show the condition of the whole 
or individual elements of the actuating device, etc. 

With respect to the phenomena used in the performance of relays they are 
classified as electromagnetic, polarized, semiconductor, electronic induction, 
photoelectric, ferromagnetic, etc. 

Relays are also classified with regard to the pickup and reset time (żp and t,), 
i.e., the time elapsed from the instant the acting factor reaches the point at 
which the detecting element comes into action (the pickup or reset magnitude) 
to the instant the actuating element operates or resets. Distinctions are made 
between very high-speed (microsecond) relays the time of which may be con- 
ventionally accepted to be not over one period (0.02 second), high-speed relays 
with the time ranging from 0.02 to 0.04 second, instantaneous acting relays 
whose time is from 0.04 to 0.08 second, land slow-acting relays whose per- 
formance is delayed by a special member providing a delay time adjustment 
or whose response time depends on the magnitude of the parameter to which 
the detecting element responds (inverse-time relays). 


1-5. Elements of Logic Operations 


YES, NOT, AND and OR operations. The YES function is performed by the 
operation of an actuating relay (Fig. I-6a and b). Nonoperation of the relay 


(a) 





Fig. I-6. Performing YES (a, b) and NOT (c, d) logic operations by contact- 
type relays 


(a) when contact K closes; (b) when contact K opens; (c) when contact K makes the cir- 
cuit of relay R; (d) when contact K bypasses the circuit of relay AR 


is characteristic of the NOT function. The relay may be of any type which ensu- 
res a two-position, stable and positive action. The NOT instruction can be 
realized by the schemes shown in Fig. I-6c and d. 

The AND operation is realized by closing the making contacts of the actua- 
ting relays in series (Fig. I-7). The output signal is formed only when both 
relays JAR (II) and 2AR (2I) are closed. 
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The OR operation is obtained by parallel connection of the actuating ele- 
ments (Fig. I-8). The output signal will be formed when either of the relays Z, 
2, or 3, etc. is operated. 

Comparison operation. The effects of electrical variables A and B can be com- 
pared mechanically or electrically. The mechanical method is illustrated in 
Fig. I-9. When comparing the effective magnitudes of alternating current, the 
operating time of the detection element must be not less than one period, as the 


AEA 


ma) [a 





Fig. Il-7. Performing AND logic operation Fig. I-8. Performing OR logic operation] by 
by contact-type relays contact-type relays 


effective value of an alternating current is assessed over one period. When 
comparing the magnitudes of direct current or rectified alternating current the 
minimum time is limited only by the physical properties of the relay. 


2,2 ye 
n = aie < a =k“ B 
pi aa iow 
°° (6) 


Fig. I-9. Mechanical comparison of electrical magnitudes 
(a) with electromagnetic system; (b) with induction system 


The ratiometer principle can be used to compare d.c. magnitudes (Fig. I-10). 
The deflection angle a of the moving coil instrument depends on the quotient 
of the currents flowing in the loop coils 


pa 
=B 


Comparison may be accomplished by a two-position relay, in particular, 
a polarized relay in which the armature movement depends on the direction 
of current flowing in the coils. 


To compare quantities | A | and |B | a null indicator may be used. When 


the quantities | A | and | B | are equal and voltage balance is obtained, no cur- 
rent flows through the indicator. The current flows in one direction, if 


| A | > |B |, and oppositely if JA |< |B |. The circuit can be designed 
to respond to a current or voltage difference (Fig. I-11a, b). 
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Induction devices may serve as comparison elements as their torque is 
dependent on the magnitude and direction of the magnetic fluxes produced 
by the quantities being compared. The same principle underlies the operation 
of the so-called differential synchros which have two operating opposing coils. 
Another comparison method is the electromagnetic one. The use of different 





Fig. I-10. The use of ratiometer moving |Fig. I-44. Null indicator circuits 
system for performing COMPARISON logic (a) current balance; (b) voltage balance 
operation 


windings on a common magnetic circuit core of a relay or of a magnetic amplifier 
is an example. In this case the effects of magnetic fluxes ©1 and P2 produced 
by the current flowing in the windings are compared. 


foe woe 


kI kI kI 





Fig. I-42. Circuits of differentiating devices 


All the above-mentioned principles are employed in protective relaying 
and automatic control systems. Their application often depends on the level 
of production technology, patent policy and their compatibility with other 
pieces of equipment. 

Differentiating elements. The operation of a differentiating device is shown 
in Fig. 1-12. 
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Alternating current, for example, generator stator current, is rectified and 
fed to a differentiating network composed of a resistor and a capacitor (Fig. I-12a 
and b) or to the primary winding of a coupling transformer (Fig. I-12c and d). 
The voltage across the resistor of the differentiating network is proportional 
to the current in the resistor. The current is proportional to the capacitor charge. 


— U _ pd(Uy—Uy) 
r= cHU (I-31) 
i.e. 
U, + RC = RC Hs (I-32) 
If RC&2 < Un, then 
U, =~ RCSA (I-33) 


The output signal taken from a differentiator of the type shown in Fig. 1-12b 
{a passive differentiator) is small and usually requires amplification. In the 





R 
a £ ‘Sie 
HU, l ` E C U 
K >>100 
Fig. I-43. Variant of a differentiating Fig. I-14. Integrating element circuit 


element 


circuit shown in Fig. I-12c and d the current in the secondary winding of the 
coupling transformer 
aD , al 

A signal proportional to the second derivative can be obtained by a second 
differentiation of the current proportional to the first derivative of the control- 
led variable. If the parameter being regulated is alternating current proportio- 
nal to the current in the protected or automated circuit, then a signal proportio- 
nal to this variable should be first obtained as direct current and passed through 
an automatic differentiator. 

The differentiating element may be constructed as shown in Fig. I-13 with 
an amplifier and direct feedback. A large amplifier gain factor is essential. 
As compared to the feedback circuit impedance the amplifier input impedance 
is very high, for which reason the current branched to the amplifier input is 
fairly small. For the above-mentioned reason the potential at the node b attains 
a zero value in comparison to the potential at the nodes a (+U,) and c (—U,). 
If it is assumed that the potential of the node b approximates zero, then the 
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transient process may be written as follows 


: dU U = 
inci (I-35) 
hence 
U,=— RCSA (I-36) 


Integrating elements. The operating principle of an integrating device can be 
understood from the scheme in Fig. I-14 (a passive integrator). The expressions 
for the circuit are 


iR++ \ idt=E (I-37) 
and 
+ | idt=U (I-38) 
Since 
\ idt=CU (1-39) 
and 
isc (I-40) 
then 
RCS-AU=E (1-41) 
or 
If the ratio U/RC is neglected as compared to the magnitude of £/RC, then 
a wae (I-43) 
hence 
U=- \ Edit (I-44) 


The integrating element may employ the scheme shown in Fig. I-15. Taking 
into account that the potential of the node b is negligibly small as compared 
to the (+U) and (—U,) values 


j= eR (1-45) 


whence 
U,= — \ U,dt (1-46) 
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A d.c. or a.c. motor may also be used by the integrating element. The opera- 
ting principle of such an integrating element can be seen from Fig. I-16. The 
input signal caused by the mismatch between the actual value of the controlled 
variable and the specified magnitude drives the motor. Depending upon the 
mismatch duration, the motor moves the slider of a potentiometer whose output 
signal is given by the position of the potentiometer slider, i.e. by the total 


Output 
U 





K >>100 


Fig. I-45. Integrating element Fig. I-46. The use of motor in integrating 
element 


(integral) error between the actual and specified magnitudes of the controlled 

variable. The control system employing an integrating element of this type 

must have feedback between the controller output and the input signal. 
Multiplying elements. Different devices using vacuum tubes, semiconductors, 


magnetic elements, etc. to multiply a variable by a constant factor (amplifiers 
having a constant gain factor) are 


available. 
Depending on the gain factor the k 100 
output voltage (Fig. 1-172) ù, Uy 
Z) ©) 
U= kU] (I-47) 1 
where kg is the gain factor. (a) 


To keep the variables under con- 
trol and the gain factor constant, a 
network with a direct feedback effected 
through resistor R, may be applied. 
One pole of the amplifier on the input 
and output sides is earthed and the 
voltage of the other pole is indicated 
with regard to the earth potential. Fig. I-47. Multiplying element 
The amplifier is so connected that the 
input and output voltages are of opposite polarity, plus, say, at the input 
and minus at the output. To simplify the graphical representation, the earthing 
contact of the other pole is not shown. For adequate operation of the equipment, 
an amplifier having a high gain factor (k, ranging from 100 to 1000 and 
more) should be used. 

With an adequately high gain factor (k, being far greater than 100) the 
node b has a negligibly small potential (relative to earth) as compared to the 
voltages of nodes a and c. Therefore, the potential diagram has the form shown 
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in Fig. I-17c with a minute zero drift. Since the current 





_Uy—u _ u—Uy 
Il = E a Xx K, (I-48) 
then, with adequate accuracy we assume 
Ui Ug 
T (I-49) 
and 
R. 
Casa Ui (1-50) 


Under these conditions the output voltage U, is practically independent 
of the gain factor k, of the amplifier. Thus, the device automatically multiplies 





k»100 k »100 


Fig. I-48. Multiplying Fig. I-19. Summing network 
element circuit 


the multiplicand U, by the multiplier R,/R, whose value is controlled by 
adjusting the R, and R, magnitudes. The multiplying mesh has the form shown 
in Fig. I-18. The device may be used to keep the terminal load voltage con- 
stant, R, being the load resistance, if Ri = R,, then U, = —Uy,, regardless 
of the load magnitude. 

Summing network. The effects of several quantities can be summed mecha- 
nically, electrically or electromagnetically. Treated below is one of the possible 
ways of performing summation operations electrically with a simple mesh 
(Fig. I-17b) employing the scheme shown in Fig. I-19. In compliance with for- 
mulae (I-48 and I-49). 

We may write 


O44 Uio a cone _ Uz st 
2 i= Ri Ra Ta +a a R. (I 31) 
ence 
PRS Un , Ure Uin 
U= —R, (> Ret eet +z) (1-52) 


Inverters. The network shown in Fig. I-17) inverts the sign of the input 
quantity, i.e., multiplies by (—1). 
When R, = R, 
U, = —U, 


I-6. Connection Diagrams 


The interaction of individual elements in automatic electric power devices: 
is realized first by representing it in an electrical circuit diagram and then by 
analyzing its function. Proper construction of a diagram, its clarity of repre- 
sentation, and easiness of interpretation by the person\{who reads it are not 
secondary design tasks. Operation of any device in the automatic control system 
without a circuit diagram is impossible. 

In compliance with the terminology of the unified system of design docu- 
mentation [I-1] the electrical circuit diagrams are divided into block diagrams, 
functional diagrams, schematic diagrams, wiring diagrams, connection diag- 
rams, installation diagrams and layout diagrams. 

The block diagram, defines the essential functional components of the device, 
their applications and interrelationships. lt shows the overall operation sequence 
of its separate units employed without detailing the internal design of the units. 
The units are designated by capital letters which indicate the type or applica- 
tion. Examples are CU, Comparison unit, SU Supply Unit; YES, NOT, OR, 
AND logic operation units; TU, Time Delay Unit; MU Measurement Unit; 
DFBU Direct Feedback Unit; AU Amplifier Unit; etc. 

The functional diagram explains certain processes which take place in indi- 
vidual circuits of the device (equipment) or in the device as a whole. 

Depicted in the functional diagram are the functional components of the 
device (elements, units and functional groups) which are involved in the process 
illustrated by the diagram and the relationships between these; components. 
Actual couplings between the elements and units may be shown in these diagrams. 

The schematic diagram identifies all the components, shows their relation- 
ships and, as a rule, gives a detailed idea of the operating principles of the 
equipment. The schematic diagrams may be either combined or developed. 

Conventional symbols are used to show the detecting and actuating compo- 
nents on the combined schematic diagrams of the electrical control device. 
These components have their actual location as specified on the diagram. In 
three-phase equipment, the devices are shown connected to instrument trans- 
formers, while the latter are drawn wired to the phase conductors of the pri- 
mary circuit as in actual service. A schematic diagram so constructed is combined 
with the connection diagram, i.e., with a diagram which shows the external 
connections of the equipment. 

The combined schematic diagrams must illustrate completely the interre- 
lationships of the elements in the device as well as that among the devices. All 
apparatus used must be shown on such diagrams. Major units including a series 
of devices and relays, are depicted either as a single apparatus or as several 
electrically connected devices enclosed by a dotted line indicating a complex 
design. If a major unit is shown as an apparatus without illustrating its internal 
wiring, a clarifying drawing must be given. 

The developed schematic diagrams which are sometimes called element 
diagrams show electrical circuits from beginning to end, for example, from the 
positive terminal post of a storage battery to its negative terminal post or from 
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one terminal of an instrument transformer to its other terminal. The electrical 
circuits are shown by horizontal and/or vertical lines. As compared to the com- 
bined schematic diagrams the developed schematics make it easier to check the 
correctness of electrical connections and absence of by-pass faults. Separate 
developed schematic diagrams are constructed for operative circuits, signalling 
circuits and for the secondary current and voltage circuits of transformers. 

The developed schematic diagrams of electrical control circuits can be 
combined with developed diagrams of operative circuits, instrument and signal- 
ling circuits. Such diagrams are developed diagrams with regard to the operating 
current. Developed schematic diagrams are usually supplemented with textual 
references explaining and making it easier to understand the operation of the 
scheme circuits. 

Wiring diagrams are working drawings used by practical electricians when 
installing secondary circuits. Shown on the diagram are electrical connec- 
tions made between components by means of wires, harnesses and cables, as well 
as terminals, connectors and other commutating devices. The nature and form 
of a wiring diagram should be specific for the place of installation and comply 
with manufacturer’s specifications when the factory produced panels are used 
for control, protection and automatic operation purposes. 

To assure correct laying of control cables and to make equipment servicing 
feasible, all the devices and circuits on the diagram must be identified in the 
same manner. Wires are marked at the sleeve ends near the panel or device 
terminal to which the wire is connected. With many wires bundled into a har- 
ness, use is made of wiring tables denoting the terminal to which each wire 
{its No.) must be connected. 

Widely used are wiring diagrams. These are completely developed schematic 
diagrams which bear the identification (marking) of each wire and terminal 
of the equipment. 

In addition to the above-described diagrams, the State Standard (GOST) 
specifies the construction of installation diagrams which show the major compo- 
nents of a set and their interconnections and of layout diagrams dealing with the 
physical position of major components and also with the arrangement, if neces- 
sary, of the wires, harnesses and cables. An example is the arrangement of equip- 
ment details on panels or in complex relays. 


I-7. Conclusions 


1. In the USSR automatic power control systems intended to increase the 
dependability and efficiency of power systems and lighten the labour of servi- 
cing personnel have been brought into practice over many years. Nowadays 
these devices are well engineered and form an automatic power control system 
assemblage (automatics). Their use during many years has proved the high 
efficiency of such control systems and demonstrated their importance in the 
national economy. The costs of automatic power control systems are incommen- 
surably small as compared to the economy resulting from the decrease in the 
fault rate and increase in the transient links capacity. 
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2. Automatic power control systems make electrical operations of power 
systems automatic, they are intimately tied with the operation of protective 
relaying devices, radically improve maintenance and also generation and distri- 
bution of electrical power and become more and more performance elements 
of power systems. 

3. Automatic power control systems are built up of various types of trans- 
ducers, controllers and relays operating in conjunction with intermediate 
automatic elements such as amplifiers, rectifiers, stabilizers, time-delay devices, 
differentiating and integrating elements, memory systems, etc. The perfor- 
mance of automatic power control systems obeys the general laws inherent in 
various control devices or in devices performing relaying operations. 

4. The practical use of an automatic power control system should be effec- 
tive, i.e., must be advantageous and economically sound as well as quickly 
repaying its cost. 

5. At equal costs of using remote or automatic control of some process, pre- 
ference should be given to the use of automatic control systems as this renders 
unnecessary personnel attending to the control process, thus adding to 
operation reliability and rapidity of control. With automatic control, the 
attending personnel’s allotment in control and service only means compiling 
the performance program of the device and maintaining it in good condition. 

6. One of the essential requirements for automatic power control systems 
is their reliability. The reliability of automatic power control systems and 
protective relaying devices obeys the general regularities of the reliability 
theory for widely used devices with due thought given to their specific working 
features. The probability of trouble-free operation may serve as the reliability 
criterion. The possibility of employing this criterion for continuous automatic 
controls such as regulators is clear-cut. With discrete operating automatic 
controls, distinctions are made between the modes of operation such as “waiting 
time” and “alarm”. It is important in the practical use of devices included in the 
family of automatic control systems that the elements employed are dependable, 
the design is accomplished well, the assembly operations are performed to high 
standards and the system works well at all times. 

7. The graphical representation of the diagrams of the automatic controls 
should clearly indicate the interrelationships between the units and be easily 
interpreted to facilitate installation and operation. 


I-8. Review Questions 


1. What automatic devices are included in the assemblage conventionally called “auto- 
matic power control systems”? 

2. What is the relationship between operation of individual elements of the automatic 
power control system and protective relaying? 

3. What are the requirements for diagrams depicting devices of automatic power control 
systems and protective relaying? 

4. What are the essentials of relaying devices? Name the distinctive features encountered 
in the operation of transducers, relays and controllers (regulators). 

5. What are the pickup and reset values of a relay? Define the reset-pickup ratio. 
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6. What is the purp se of an amplifier in a control system? Describe the performance of 
a relay used as an amplifier. 

7. What is the purpose of feedback in automatic control devices? Describe positive and 
negative feedbacks. Describe the direct (continuous) and elastic (sample-data) feedbacks. 

8. What are the specific features of the control by the absolute value of the departure of 
a controlled variable from the specified value and by the absolute value deviation with the 
control by the rate of deviation added? 

9. What are control elements? Describe integrating and differentiating elements. 

10. What are the logic operations used in the operation of automatic devices? 

41. Explain the terms “astatic and static characteristics” of control processes. Define 
the term “static coefficient”. 

12. What are the static and dynamic characteristics of the elements of a control system? 
What is static error? Describe the methods for its decreasing. 

13. What are the features of aperiodic and oscillating control processes? 

14. Explain the difference between the remote control and automatic control of certain 
processes carried out in power systems. Name the advantages of the automatic control. 

15. What is the overall effect on national economy of the use of automatic power control 
systems? How can this effect be determined? 

16. Explain reliability of automatic power control systems as one of the principle require- 
trey for their devices. What are the methods used for quantitative estimation of the reliab- 
ility 

17. Describe the electrical connection diagrams of automatic power control systems. 
Explain the types and purposes of electrical connection diagrams. 
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AUTOMATIC CONTROL OF SYNCHRONOUS 
GENERATOR EXCITATION 


1-1. Purpose of Automatic Excitation Control 
(AEC) Devices 


The excitation control process is automated with a view to achieving a mul- 
tifold goal, namely, to increase the reliability in the parallel operation of indi- 
vidual generators and the power system as a whole, to contro] within certain 
limits the voltage across system units, and to increase the speed at which the 
operating voltage is restored to its rated value after clearing short-circuits. 

The automatic excitation forcing device is a most simple one which has 
a discrete effect on the excitation system of a synchronous machine for increa- 
sing the field current to a critical value permitted by the rotor overload rating. 
This device is employed either separately or together with voltage regulating 
devices. The excitation forcing device functions, when the voltage under control 
drops to 85% of the rating [1-1], It is generally made up of ordinary relays and 
a contactor. In complicated controllers the excitation forcing deVice is only 
one of the controller elements. 

Depending on the variable to which they respond and on the type of response, 
the AEC devices employed in the Soviet power system may be either proportio- 
nal action or overaction controllers. The former group includes automatic excita- 
tion controllers which respond to the polarity and value of variations in the 
current and voltage. The latter group comprises automatic excitation control- 
lers which respond both to the polarity and amount of variations in the voltage 
and current and also to the rate of changes in these and other variables involved. 

The proportional type excitation controllers used in the power systems 
of the USSR are available mainly in the form of compounding devices with an 
electromagnetic voltage corrector designed by the Electrical Engineering 
(Electrodynamics) Institute of the Ukrainian Academy of Sciences. The overac- 
tion controllers were developed by the Lenin All-Union Electrical Engineering 
Institute. 

Compounding devices with an electromagnetic voltage corrector automati- 
cally change the excitation in proportion to the current flow in the stator circuit 
and the voltage across the generator terminals or at a specified point in the 
circuit. Their functioning is relatively slow and accompanied by a static error 
in the voltage, which is corrected to a certain extent by the operation of the 
excitation forcing device. 

In the presence of a quick-operating excitation system the overaction cont- 
rollers assure quick control and maintain the voltage across the stator winding 
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terminals or across the output terminals of a step-up transformer (when the 
generator operates jointly with a transformer) practically constant. These control- 
lers function without a perceptible static error. The excitation forcing device 
employed in these controllers has th2 function of a stand-by element and speeds 
up the control process. 

As mentioned previously, the wide use of excitation forcing and control 
devices in generators and synchronous capacitors materially improve the 
reliability of power systems. The use of AEC devices is of special importance 
for improving parallel operation stability. 

Let us study this problem in detail. 

To this end, let a synchronous generator operate in parallel with a high- 
power system through a power transforme. ud a transmission line (Fig. 4-1). 





C T S 





Fig. 1-1. Operation of synchronous generator in power system 
(a) equivalent circuit; (b) vector diagram 


Denote the generator emf by Hy, the busbar voltage of substation S used in 
a high (infinite) power system by U and the impedance between the emf appli- 
cation point and the busbars of substation S by z,,. 

The current J,, flowing against impedance 2,, and the active power output P 
fed by the generator into the power system are, respectively, as follows: 














Eq—U |_| SM 
allege aaa a) 
and 
P =UI coso (1-2) 


It is seen from Fig. 1-16 that in triangle MSN angle MSN = ọ and side 
SN = SM cos Q. 
Since from (1-1) 
SM = Isti 
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and from triangle ONS 
SN = Ea sin 6 


then 
Easin ô = [49245 Cos Q 
Taking into account (1-12), we obtain 


P =—— sinô (1-3) 


12 





The maximum magnitude of active power (Pm) which can be transmitted 
corresponds to the value of sin 5 = 1, i.e. 





_ UEa 
A= (1-4) 
and 
P=P,,sin8 (1-5) 


Expression (1-3) does not take into account the presence of a resistance com- 
ponent (r,,.) of the impedance. Such an assumption may be made for a qualita- 
tive analysis of parallel operation stability. 








(c) 


Fig. 1-2. Effect of AEC operation on increate in static stability 
(a) changes in terminal voltage of generator when Ey is constant and angle;é increases; 


(b) changes in emf of generator when generator terminal voltage is maintained constant 
and angle ô increases; (c) characteristic of changes in power when Ug is constant 


How the operation of AEC devices increases the steady-state (static) stabi- 
lity can be seen from Fig. 1-2. When no automatic excitation controller is used 
the gen-rator emf is determined by the invariable value of field current and 
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remains constant under fault conditions (Ea = const). The voltage across the 
generator terminals equals vector U, which divides the section UE, into parts 
proportional to the values of the generator synchronous inductive reactance 
(rq) and the impedance of the remaining portion of the svstem (z,). 

As the load angle 6 increases, i.e., with an increase in the power being trans- 


mitted, the emf vector on the diagram takes the position E! and the vector 


of the voltage across the generator terminals is determined by the vector Ul, 
then 

|Ea—Ug| 1E}—ŪL] 
[Ug—U| {UL —v| 


As seen from Fig. 1-2a, | Ü} | is less in value than | U, |, i.e. 
|U~|—Ug|=AU (1-7) 


If the detecting element (primary detector) of the AEC device responds 
to the value of AU and tends to maintain AU = 0 by changing the field current 
of the generator, it will be seen from 
Fig. 1-26, that the generator emf ex- 
ceeds the Ey value. 

When maintaining U,= constant, 
the ordinates of the transmitted power 
characteristics exceed the ordinates of 
the curve plotted on the basis of (1-3) 
for the condition when £, is constant, 
operation of the generator becomes fea- 
sible within the artificial stability 
region, i.e., when 6 > 90° (Fig. 1-2c). 

To signai 
2 1-2. Automatic Excitation Forcing 
of a Generator 


The operating principle of the 
quick-acting generator excitation forc- 
ing circuit is clear from the diagram 
shown in Fig. 1-3 which illustrates an 
electric machine excitation system fur- 
nished with an automatic field discharg- 
ing control using discharge resistor Rg 
Fig. 1-3. Operating principle of a device to absorb the power accumulated in 

for automati gxeitation forcing the rotor winding. When voltage across 

the terminals of the stator winding (or 

at the specified point of the circuit) drops to the reset setting of voltage relay 

VR, the latter closes the contacts and shorts by means of intermediate contactor 
K resistance R, placed into the field coil circuit of the exciter. 
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The excitation current rises causing an increase in the generator emf. When 
forcing, damage to the field coil of the exciter is prevented by resistor R, which 
limits the current flow in this coil. In self-cooled exciters the forcing current 
is raised to a two-fold ceiling value with regard to the rating. Specially designed 
exciters employed a four-fold increase in the excitation current to ensure extra 
stability. 

With forced-ventilated machines, forcing is permitted only for short periods 
{Table 1-4)t1 1), 

Table 1-1 
Permitted Excitation Forcing Duration for Forced-Ventilated 


Turbogenerators [1-8] 


Forcing factor 








Turbogenerator type 
2 | 1.7 1.5 1.2 | 1.06 
TVF (TBO) 30 | 60 | — | 240 | 3,600 
TVV (TBB) and TTV(TTB) | 20 | — | 60 | 240 |3,600 


With self-cooled machines, attending personnel must eliminate the cause 
of operation of the excitation forcing devices not later than one minute after 
the device has functioned. Protection of the rotor against overloads and limita- 
tion of rotor overload duration by deexcitation are specified in the service cir- 
cularl!-2], 

Shown in Fig. 1-3 is a circuit which provides for instantaneous reset of the 
forcing device after the voltage across the terminals of the VR relay has restored 
its value at which the relay contacts open. Circuits of this type are widely used. 
In order to maintain stability in after-fault operation, it is good practice to 
continue the excitation forcing action for a specified period after the fault cause 
has disappeared. In this case, the stability disturbances encountered in the 
second hunting cycle can be prevented in a number of instances due to the increa- 
sed emf value used in the after-fault conditions. 

The circuit used for the purpose is shown in Fig. 1-4. The reset delay of the 
excitation forcing device is obtained by a DR drop-out delay relay (relay 3). 
To some extent the reset time of this relay depends on the short-circuit clearing 
time which determines the closed state period of the contacts of relays Z and 2, 
this facilitates the voltage recovery after the fault. The longer the short-circuit 
period, the greater is the forcing delay. Protection against an inadmissible 
forcing operation duration by relay 77 and contactor 5 (Fig. 1-4) is accomplished 
by voltage relay 6 and time relay 7. Back-up protection is effected by relay & 
which disconnects the generator and kills its field voltage through the output 
relay when the protection functioning time is too long. 

The circuit of the excitation forcing device is under the control of the inter- 
lock contact of the generator switch, which is closed when the switch is in the 
ON position. 
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The operation of the automatic excitation forcing device in conjunction 
with the action of the generator excitation system determines the regulation 
characteristic shown in Fig. 1-5. The pick-up voltage U, at which the voltage 


—«— from output relay 





EFC i | AR | {AR |10 
s 


Fig. 1-4. Actuation of excitation forcing device with reset delay and limited 
forcing operation time 


relays open the making contacts is selected as dictated by the adjustment con- 
ditions of the excitation forcing device so that it is not affected by the operating 
voltage U, across the generator terminals, the margin (factor of safety) k, being 
equal to 1.05. When the reset-pickup ratio (k,) of the voltage relay equals 0.9, 
the contacts will close at the voltage across the relay (Uea y) equal to the reset 
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voltage U, 
0.9 


Toe V= 0.85U, (1-8). 


Oretay = U, = sn U = 
8 
The higher the k, of the voltage relay, the more effective is the performance 
of the excitation forcing device. 
The circuits of the excitation forcing devices shown in Figs. 1-3 and 1-4 
ensure the forcing operation in case of three-phase short-circuits and when faults: 


fbb fs ls 


Fig. 1-5. Changes in voltage when a short circuit occurs and after it is cleared 


t, — the instant a short circuit occurs; tą, — the instant the excitation forcing device 

functions; t, — the instant the short circuit is cleared; ta — the instant the circuit vol- 

tage is reestablished to the value at which relays 1VR and 2VR (Fig. 1-4) open contacts; 

(ts to t4) — time for relay DR to reset; tg a time for voltage to restore to the nominal 
vaiue 


occur between two phases to which the voltage relays are connected. When 
faults occur between the other two phases and in the case of an earth fault in the 
step-up transformer circuit on its HT side (in the circuit with a heavy earth 
fault current), the forcing system response becomes coarser and greatly depends. 
on the distance to the point of short-circuit. In such cases, a fairly high voltage 
remains across the terminals of the generator stator due to the voltage drop 
and because of changes in the phase voltage relationships on the secondary side 
of the power transformer. Therefore, with sets composed of a generator and 
a power transformer it is good practice to connect the voltage relay of the exci- 
tation forcing device on the HT (secondary) side of the power transformer or to 
the generator voltage which is current-compensated to the value of the secon- 
dary voltage of the power transformer. 

If the circuit of an excitation forcing device uses only one voltage relay 
connected to one group of instrument transformers, then special consideration 
should be given to preventing false operation of the device due to blown fuses. 
or short-circuits in the voltage measuring circuits. False operation of the forcing 
system results in a reactive current overload of the generator which is an unper- 
missible fact. 
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Sometimes the voltage relay is connected to a separate voltage transformer 
which is used only by the excitation regulating device and it has no fuses and 
circuit breakers in the measuring circuits. The circuits of the excitation forcing 
devices can be also controlled by blocking blown fuses in a way similar to the 
remote-control protection of transmission lines. 

To improve the efficiency of the excitation forcing devices, the voltage 
relays are connected to a forward sequence voltage filter (Fig. 1-6a). Often this 






U 
Ue From VT No.1 From VI No2 © 
(a) 


7 
sf Le R; 
(c) 


Fig. 1-6. Excitation forcing with the aid of relay connected through forward- 
sequence filter 


(a) excitation forcing circuit, (b) internal connections of filter; (c) diagram showing 
application of backward-sequence voltage to filter; (d) diagram showing application of 
forward-sequence voltage to filter 


filter is of the resistance-capacitance type (Fig. 1-6b). Shown in the Figure are 
also potential diagrams of the filter, when it is at the forward and backward- 
sequence voltages. 

It is clear from the diagram that if the impedance of the filter arms satis- 
fies the condition 


L LEE (1-9) 
the filter output voltage at the positive phase sequence is 150 per cent of the 
rated interphase voltage. 

The excitation forcing device must be furnished with switches to allow 
attending personnel to remove the device from operation. Because of the simple 
construction of the relay-type excitation forcing system, its application is 
likely to be useful for all generators and synchronous capacitors, whatever the 
automatic excitation regulation devices employed by these machines. 
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1-3. Excitation Compounding with Cumulative 
Connection of Electromagnetic Voltage 
Corrector 


Generator compounding, i.e., changing the current flow in the field coil 
as dictated by the current flow in the stator with a view to improving the gene- 
rator external characteristic is accomplished by rectifying and adding to the 
field current (Fig. 1-7) a current proportional to the stator current. 







-Nm ——— ) 


Lee = 





(a) 


Fig. 1-7. Compounding device principle 
(a) full current compounding; (b) phase compounding 


With combined use of a compounding device and an electromagnetic voltage 
corrector, two systems for excitation compounding of generators may 
be employed. These are full current compounding and phase compounding. In 
the case of full current compounding the actions proportional to the stator cur- 
rent and the generator voltage fed from the instrument current and voltage 
transformers are summed up after rectification of the currents. In the case 
of phase compounding this is done before rectification of the currents, i.e., on 
the a.c. side, which allows the effect of the phase angle between the stator 
current and the voltage to be taken into account. 
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As compared to the full current compounding device, the phase compoun- 
ding device maintains the generator terminal voltage more precisely. More 
than that, the voltage corrector intended for holding the specified voltage 
level uses significantly smaller power. 

Widely used for excitation regulation are excitation controllers with cont- 
rolled phase compounding. Let us consider the action of this device in more 
detail. With no compounding and with the 
resistance of the stator windings neglected, the 
voltage across the generator terminals in con- 
formity with Fig. 1-2a 


Us 


Ug = Eg— ijzel; (1-10) 


If the emf and the value of xz, are con- 
stant, the external characteristic of the gene- 
rator is determined by the straight line Z in 
Fig. 1-8. External characteristics Fig. 1-8. The voltage decreases with an 

of generator increase in the stator current. To keep the 
voltage constant (line 2), the control device 
must be able to increase the emf by 


AE = jagl, (4-11) 


The additional emf must lead the stator current vector by 90 degrees, i.e., it 
must depend both on the phase and the value of the stator current (Fig. 1-9a). 
[In full-current compounding devices this requirement is not met, since the 
generator emf increases equally regardless of the phase current. The result is 
that the voltage sometimes exceeds the rating and sometimes fails to recover 
to the rating (Fig. 1-9b). The specified voltage is maintained by a voltage cor- 
rector which should have a sufficiently high power. 

With phase compounding devices, voltage correction is effected through 
varying the transformation ratio of the intermediate summation transformer 
by magnetizing its core with the rectified current from the voltage instrument 
transformer. The voltage correction degree depends on the level of the voltage 
across the terminals of the voltage transformer and its accomplishing requires 
only minute power. Owing to this the device is called a controlled phase com- 
pounding device. 

The complete diagram of a voltage regulator is shown in Fig. 1-40-41, The 
principal element (power element) of the device is a transformer with magneti- 
zation (TM) which represents a transformer-coupled magnetic amplifier with 
two supply windings. The primary series winding is connected to current trans- 
formers CT. The primary parallel winding is supplied from voltage transfor- 
mer VT through step-up autotransformer AT and ballast resistance in the form 
of a reactance coil RC. . 

As shown in Fig. 1-10 the current transformers are connected to phases A 
and C and the current in the series winding 7 equals the vector difference 
between the secondary currents of these phases. The current in the winding 7 
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Fig. 1-9. Characteristics of compounded generator 


(a)[gencrator emf E, versus load angle @ when U 
of gencrator compounded by full current with ditfe 


is constant; (6) external characteristics 
rent cos ọ; point a stands for the com- 


pounding threshold 





Fig. 1-10, AEC circuit with controlled phase compounding 


46 CHAPTER ONE 





of transformer TM must have such a value that when angle ọ between the A 
phase current of the generator and the same phase voltage U40 is equal to 0 
the current in the T winding leads the current in the N winding by 90 degrees. 
The above-mentioned requirement is met by connecting the autotransformer AT 
to the voltage Upc developed across the secondary windings of the voltage 
instrument transformer with delta-star connection of the windings. 

The reactance coil (RC) makes the current in the winding N linearly depen- 
dent on the voltage imposed. The reactance coil is intended to accomplish the 


t 





ma 
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Fig. 1-11. Characteristic of AEC meae Fig. 1-12. Characteristic of magnetic 
suring element amplifier in controlled phase com- 


pounding device 


regulation at no-load and small-load of the generator, when the influence 
of the winding T is small. The autotransformer AT increases the reactance coil. 
supply voltage so that the impedance of the coil is raised which ensures pro- 
portionality between the current in the circuit and the voltage. In addition, 
such a voltage increase materially decreases the capacitance of the compensating 
capacitor C used to decrease the load imposed upon the voltage transformers. 

For biasing the transformer TM, use is made of a control winding connected 
to the output of the magnetic amplifier MA fed by the rectified current from 
the voltage transformer. The intermediate amplifier is controlled from a three- 
phase measuring element and together with it makes up the voltage corrector. 

The measuring element ZT has two windings. These are a primary winding 
used as a non-linear element which feeds power to one of the magnetic amplifier 
windings (winding N) through the non-linear element rectifiers NER and 
a secondary winding feeding the MA winding L (linear element) via the recti- 
fiers LER. The resultant effect produced by the magnetic fluxes caused by the 
currents J, and Z, in the magnetic amplifier is determined by the current dif- 
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ference Iı e = la and In.e = /, (Fig. 1-11). When the voltage exceeds the spe- 
cified value due to biasing of the core of instrument transformer IT, the non- 
linearity of the current J, abruptly rises and thus the characteristic of the magne- 
tic amplifier attains the form shown in Fig. 1-12. Accordingly, the output cur- 
rent characteristics of the regulator (Fig. 1-13) ensure the forcing action in the 
regions close to the voltage U, which the 
regulator must maintain. 

The regulating resistor r, (Fig. 1-40) is 
used to shift the characteristic of the mag- 
netic amplifier MA towards the region of 
the desired voltages. This resistance is con- 
nected in series with the linear and non- 
linear windings of the instrument transfor- 
mer IT. The voltage setting maintained by 
the regulator is assigned by the setting auto- 
transformer SAT feeding power to the inst- 
rument transformer IT. The voltage rating 
is varied by 10 to 15%. The setting is con- 
trolled manually or by remote control. 

To control the steepness of the output 
current characteristic of the voltage correc- 
tor, the magnetic amplifier M A employs exte- 
rnal feedback (EFB) windings. One of the 
EFB windings is fed with the output current 
from the transformer 7M (from the winding 
O and rectifiers SR), i.e., with the current Fig. 1-13. Output current of excitation 
flowing in the excitation winding of the regulator with controlled phase com- 
exciter. The other winding SC is fed with Pounding versus generator voltage 
the stator rectified current whose value is joy Berea a Gas w T, 
controlled by the resistors r,. 3 m~ the same with cos close to 0; 4 ~~ 

The 20-uF capacitor connected to the MR a etre amie will coe. clase 100” 
output of the autotransformer AT allows 
the total load of the voltage transformer to be reduced about 2 times. 
The filter capacitor C;, capacity of 80 pF, at the output of the magnetic ampli- 
fier improves the performance of the corrector. 

The AEC device can be placed into the excitation circuit either by connec- 
ting to the common parallel winding in the manner shown in Fig. 1-10 or to 
a separate exciting winding. When the use is made of a separate exciting wind- 
ing, a minimum output is required from the AEC device. 

The voltage maintained by the AEC device is dependent on the frequency. 
One per cent variation of the frequency makes the voltage vary by 1.0 to 1.5 per 
cent. The maximum output power is about 650 W. At the 20-pF capacitance 
of the capacitor (C, = 20 pF) the maximum feed current from the three-phase 
group of transformers does not exceed 4.0 A in two phases and is 1.0 A in the 
third phase. At the maximum AEC power the voltage across the current trans- 
formers is about 200 volts. This voltage decreases when decreasing output power 
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To circuits 1-4 of MA-1 and MA-2 


Fig. 1-14. AEC and excitation forcing devices, type 9IIA-325B for high-frequency 
excitation generators, series TBB-150 and TBB-300 


(a) schematic diagram; (b) variant of automatic switching for starting period 
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of the device. The output power capacity of the device is sufficient to ensure 
the regulation of the voltage of the generators whose exciters have an excitation 
power not above 1,000 kW at the rated load of the generators. When use is made 
of greater excitation powers, two sets of EAC devices must be employed, an 
example being hydraulic generators equipped with exciters whose field power 
ranges from 1,000 to 2,000 kW. One voltage corrector which is connected to the 
series-connected control coils of two TM transformers may be used in this event. 


1-4. Excitation Controllers of Generators, 
Series TVV, with a High-Frequency 
Excitation System 


The TVV series generators with a high-frequency excitation system are furnished with 


excitation control devices, type EPA-325B (9JIA-325B) (Fig. 1-14)l4-4], This device includes 
an automatic excitation controller (AEC) of the proportional type, quick-action excitation 
forcing device (QFD) and a forcing limiter unit (FLU). 

The rotor winding Ro is supplied with a rectified current from the high-frequency gene- 
rator HFG having three field (excitation) windings: E FC-1 (exciter field coil 7) connected in series 
with the rotor winding of the main generator; EFC-2 
used to ensure the forcing effect and supplied from the 
MA-1 magnetic amplifier, its output current being small 
at the normal voltage across the stator terminals of the 
TVV main generator with an abrupt increase in it, when 
the voltage decreases; and EFC-8 connected in opposition 
to the EFC-1 and EFC-2 coils. 

The EFC-8 coil is connected to the MA-2 amplifier 
of the AEC device. The field built up by the EFC-J coil 
exceeds the value needed for normal operation of the HFC 
generator, the excessive amount of field being compen- 
Ana for by the effect of current flowing in the EFC-3 
coil. 

Figure 1-15 shows the output current characteristics 
of the magnetic atts mipira by the automatic Un 
excitation control and quick-action excitation forcing cee „s 
devices (AEC and QFD). Any drop in the terminal voltage ae 1 ae precoder rte 
of the TVV generator decreases the output current of the and Q VIVER IN 
magnetic amplifier MA-2. The result is a reduction of 
the compensating effect of the EFC-3 coil and an increase in the effect of the current flow 
in the ÆFC-1 coil. The reverse of this process takes place when the terminal voltage of the 
generator rises. If the generator voltage drops by a considerable value, the current in the 
EFC-3 coil abruptly lowers with resultant increase of the voltage across the high-frequ- 
ency generator (HFC). The current in the ÆFC-1 coil sharply rises to force the excitation 
of the generator (to raise the current in the excitation winding Ro). 

The LT transformer and JT saturable transformer are connected into the full-current 
compounding circuit. The primary winding of the transformer ZT serves as a saturable reactance 
coil forming the non-linear element of the measuring circuit (VER). The secondary winding 
of the transformer ZT forms the linear element of the measuring circuit (LER). The rectified 
currents of the linear and non-linear elements are fed to the control coils L and N of the 
magnetic amplifiers MA-7 and MA-2. The characteristics of the linear and non-linear elements 
look like those shown in Fig. 1-11. One of the coils of the magnetic amplifier MA-2 ensures 
the direct feedback (DFB). The coil is supplied with the current flowing in the EFC-2 coil 
from the excitation forcing device (QFD). It is cumulatively connected with the winding N 
of the non-linear element. The use of direct feedback compensates for the magnetization 
effect of the magnetic amplifier MA-2, caused by the current from the controller measuring 
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element when drops occur in the terminal voltage of the main generator. To make the control 
stable, use is made of elastic feedback (EFB). The EFB coil is supplied with exciter current 
via the ST transformer. Resistors r, — rg are setting resistances used when timing the control- 
ler. The device operates as follows. 

When the terminal voltage of the TVV generator drops below tke rated value, the effect 
of the current in the linear element winding exceeds that of the current in the non-linear ele- 
ment winding. The difference between these effects magnetizes the saturable reactor of the 


Jo FL windings of t 
magnetic amplifiers 
MA-1 and MA -2 (Fig. t-ta) 


To HFG exciter 






Fig. 1-16. Excitation forcing limiter of SIIA-325B device 


magnetic amplifier MA-2 and, if there were no direct feedback, the voltage decrease would 
continue. The DFB coil is connected in parallel with the EFC-2 coil. When the voltage dec- 
reases, the currents in the EFC-2 and DFB windings tend to rise due to the action of the QFD 
device (owing to the rise in the current from the power (load) windings (PW) of the magnetic 
amplifier MA-1). The rise of the current flow in the DFB coil of the magnetic amplifier MA -2 
causes an increase in the impedance of its power (load) windings (PW) and abruptly reduces. 
the current in the EFC-3 coil, which ensures the required forcing effect. 

When the voltage increases above the rating, the output current of the MA-I of the 
quick-action forcing device (QFD) does not rise, for which reason the increased current flow 
in the EFC-8 coil ensures the required regulating effect, i.e., reduces the terminal voltage 
of the TVV generator. 

To improve the forcing effect, the power (load) windings of the magnetic amplifier 
MA-1 are supplied from the high-frequency generator HFG, whose voltage rises in the process 
of forcing to produce a positive feedback effect, i.e., to provide additional gain. When start- 
ing, the contactor SC changes over the MA-J power windings to be supplied from the high- 
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frequency subexciter HFS. The power windings of the MA-2 amplifier are constantly sup- 
plied by the high-frequency subexciter via the interventing transformer S/T. 

The contactor is controlled manually or automatically when the field discharge control 
(FDC) is closed. Fig. 1-14b shows the automatic version. Turning on the automatic field 
discharge control (FDC) applies voltage to one of the coils of the two-position relay 3PR 
by which the circuit of the SC contactor is closed. The latter contactor changes over the 
MA-1 power windings to HFS, closes the additional magnetizing winding M (through the 
adjusting resistor rg) and opens the circuit of winding L of the excitation forcing device. 
Since in this case the effect of the current in the EFC-2 coil over- 
comes the effect of the current in the EFC-8 coil, flowing from 
the AEC (from the magnetic amplifier MA-2), a current app- 
ears in the rotor winding R and in the EFC-/ coil. After a 
voltage has appeared across the TVV generator terminals, the 
voltage relay 2VR whose setting U; = U, functions. The other 
coil of the two-position relay PR which resets and opens the 
circuit of the SC contactor is closed. The above-mentioned 
opening of the linear element circuit when starting the gene- 
rator is necessary to limit the voltage across the HFG under 
the starting conditions to 0.5 of the nominal value. 

The 9ITA-3255 regulator assembly incorporates an excita- Un 
tion forcing limiter and deexcitation units. The excitation forc- 
ing limiter employs magnetic elements with the VIT inst- 
rument transformer connected to the terminals of the HFG Fie. 1-17. Ch teristi 
generator (Fig. 1-16). When the voltage is twice the value dan- ‘ie itat gi ete 
gerous to the device rectifiers, the output current of the ©, ©X¢l ee SITA-8255 
VMA abruptly rises. Through the circuit of the FL winding, ™ter use d in SHA- 
this current causes a decrease in the output current of {the Nie 
magnetic amplifier MA-i and increases the output current of 
the magnetic amplifier MA-2 (Fig. 1-14) with a resultant abrupt decrease in the forcing 
current. The degree of limiting, i.e., the change in the characteristics steepness (Fig. 1-17) 
is controlled by the internal feedback coil of the magnetic amplifier VMA (Fig. 1-16). 

When the voltage reaches the value of 1.5 to 1.7 U, (due to the controller being at fault 
or to some other cause), deexcitation is accomplished by the 7VR relay set to U; = (4.5 
to 1.7)Un and the time relay TR with 20-s operating time. The time relay contacts Close the 
relay 1PR. The latter remains picked-up and closes the circuit of the deexcitation winding 
DC and magnetizing coil MC of the magnetic amplifiers MA-1 and MA-2 (Fig. 1-14). The 
current flow in these windings is controlled by the resistor rs. The device is reset by the attend- 
ing personnel through operating button B. 

To prevent forced excitation of the TVV generator, when circuit breaker CB disconnects 
the voltage transformers, the circuit shown in Fig. 1-14 also provides for the use of a deexcita- 
tion device. The windings DC and MC are closed by the auxiliary contact of the circuit 
breaker CB, when it trips open, through resister r, with the aid of relay 2P.R2. The resistance 
r, is greater than re, as with the voltage circuits opened, deexcitation must be attainable at 
a lower value of the current flowing in the w'ndings DC and MC. 


lout 


1-5. Overaction Excitation Controllers 


The quick action of the controllers of the type under consideration and the 
accuracy with which they maintain the controlled variable are attainable not 
only by accomplishing the control process in compliance with the variations 
of the value under control, but also with the rate and acceleration of these 
variations (according to the first and second derivatives):. The required control 
quality is possible with an available excitation system that ensures a high- 
speed voltage rise across the rotor winding terminals of the generator. 
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To improve the stability of generators operating in parallel as follows from 
(1-3) and Fig. 1-2, it would be good practice to accomplish the control process 
by the angle 6. However, to take measurements of the angle 6 between the emf 
vector of the generator and the voltage vector of the busbars of the receiving 
system located at a great distance, often calls for the use of telemetering means. 
The use of remote control equipment for the control purposes complicates the 
device and lowers operation reliability. 

With networks of simple configuration which use, for instance, a generator- 
transformer-transmission line-receiving system set, the angle 6 can be determi- 
ned with the aid of the so-called phantom diagrams (see Chapter 4) which simu- 
late the impedance from the point of the generator emf application to the point 
of voltage measurement and to the busbars of the power receiving system (this 
impedance opposes the stator current, the corresponding voltage drops being 
vector added to the stator terminal voltage). However, such a measuring 
technique has not found wide application. 

Most often used are overaction excitation controllers which perform the 
control function by electrical variables dependent upon the angle ô, namely 
by the value of current in the transmission line and the voltage at the line point 
under measurement. To make the control process more rapid and stable, the 
first and the second derivatives of the above-mentioned quantities are intro- 
duced into the control equation, or the value of frequency variation and the 
derivative of this variation, as the frequency variation is proportional to the 
first derivative of the 6 angle variation, while the frequency variation deriva- 
tive is in proportion to its second derivative. 

The mathematical expression defining the control equation may be written as 


dn dn? A 
where P = parameter of operation by which the control is performed 
n, - and a = absolute values of the control parameter variation and the 


first and second derivatives of this variation, respectively 
ko, kı and k, = control coefficients 

The stability region of the control process and its quickness are determined 
by the chosen coefficients ky, kı and ka. Introducing the first derivative in the 
control equation raises the stability and the process speed within certain limits. 
An increase in the k, and k, coefficients also adds to the speed of control. Exces- 
sively increasing the coefficients may result, however, in overregulation and 
hunting. 

The optimum coefficients are dependent upon the power system configura- 
tion and also upon the direction of and relationships between the power flows 
over the transmission lines connecting the power station, at which the genera- 
tor excitation control is performed, to the other units of the system. 

Figtire 1-18 shows the characteristics which determine the margin of stable 
operation of a controller accomplishing the control operation by the angle 6 and 
its first and the second derivatives for various k, and k, values. These characte- 
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ristics are plotted for a generator whose output power is transmitted to a recei- 


ving system over a long transmission 
line. The stable zone of control varies 
with the value of the initial angle of 
transmission (ô). The control coeffici- 
ents are selected so that the control 
process is stable for any value of angle 
6,. When changing over to control by 
the current and its derivatives or by 
the voltage and its derivatives, the 
margin of the control stability varies; 
however, the character of the process 
and thus the possibility of choosing the 
optimum k; and k, coefficients remain 
the same (Fig. 1-19). 

Overaction controllers can be em- 
ployed both by hydroelectric genera- 
tors and turbogenerators. In the majo- 
rity of cases the controllers are used 
in conjunction with a gas-discharge 
tube (thyristor) excitation system. As 
compared with proportional AEC em- 
ployed by the machines with exciters, 
the use of overaction AEC on machi- 
nes furnished with a gas-discharge 
tube excitation system may raise the 





Fig. 1-18. Determining control coefficients 

k, and k, depending on power transmission 

conditions (the region of stable operation is 
shaded) 


kım and km are mean coordinates of points o» 
cated within the stable operation region 


steady-state stability limits by 10 to 


30 per cent and the transient stability limits, by 6 to 10 per cent. 
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Fig. 1-19. Typical changes in stable control regions with different control 
coefficients k, and k, 


(a) power transmission circuit; (b) boundaries of stable control; 1 — angle ô control; 
2 — current control; 3 — voltage control 


One model of the overaction controllers developed by the All-Union Electri- 
cal Engineering Institutel!-5! provides resultant effects on the excitation 


system by the following factors: 
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(a) By the voltage departure AU from the rating, with the coefficient 


excit. unit 
50 volt. unit 


kay = 


(b) By the value of the voltage derivative (by the voltage variation rate) 
dU 


T with the coefficient 


; excit. unit 
ku:=0 to 7 volt. unit/s 


(c) By the variation of the value of stator current with the coefficient 


excit. unit 
kr=0 to 2 cur. unit 


(d) By the value of stator current derivative (by the current variation rate) 
dI 


a with the coefficient 


; excit. unit 
= o si Ąą 
ki 0 to 8.1 cur. unit/s 


(e) By the value of the second stator current derivative (by the current 
2 
variation rate acceleration) E with the coefficient 


” excit. unit 
kie =0 to 1.45 ar. uniti? 

(f) By the value of the rotor current derivative (by the current variation 
speed) with the coefficient 

, excit. unit 
kira=0 to 2.7 Sete unite 

The nominal values of current and voltage are assumed as excitation units. 
The optimum gain factors for various channels are determined for each device 
by means of precalculation and actual tests in the power systems. 

In order to make the external links of the regulator more simple, the effect 
produced by the frequency and its derivative may be used instead of that pro- 
duced by the derivative of line current. Experiments on mathematical models 
have shown, however, that system hunting may occur, when power close in 
value to the steady-state stability limit is transmitted. In addition, analyses 
of a series of emergency situations have shown that undesirable falls in the 
busbar voltage of the station occurred due to the use of frequency channel, 
when an active power shortage arose at that portion of the power system where 
the station furnished with a AER was located. Because of this the frequency 
control channel is mostly used for control of synchronous capacitors. 

The overaction controller includes voltage unit VU, current compounding 
unit CCU with an intervening current transformer /CT and an operational 
unit OU (Fig. 1-20). The voltage unit includes a control motor CM, receiver 
synchro RB, differential synchro DB, mechanical differential MD, rectifier 


AUTOMATIC CONTROL OF SYNCHRONOUS GENERATOR EXCITATION 55 





GCSIT-W 


NF age Ait geste ee Soe at a eng Se ne a See he ee Sete Re Uy Ge ge a LE 7 
AEC TOR Ora A ae are eal 
| Yaar | | | 
| DS | "OY = HOV. 45OH || 
450H ,450Hz 
wE i aoa i 
e | 
4 ee ical) FH JON U | 
TJE 
a DI | 
l] 
[| 
[| 
[| 
| | 


| 
A-W 
>] 








DET w GCSIT-F 
_ Bl! Fig E Hf] 

Uot O] | | 

FBU [=| FFB | | 

| zi 

as Se 4 Cor. circ | | 

A.c. 380V = n 1 

380V HOV l ATIFB | 

2 = | 

SOHz 480Hz AIFB | { 

| l 

l SSS 


Fig. 1-20. Circuit of overaction AEC. Symbol FMT stands for a device used 
to transform 380 V 50 Hz power into 110 V 450 Hz power r 


REC, filter F, non-linear bridge NB employing avalanche diodes, torit 
relay FR with reset-pickup ratio 0.98, three angle-phase transformers 7, and 
backing-up transformer 7. 

The operational unit receives signals from the line current unit LCU-0.5 
{BTJI-0.5), from the rotor current unit RCU-5 (BTJ-5) the minimum excita- 
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tion unit MEU which is fed from a d.c. transformer (DCT), and the feedback 
unit FBU which is acted upon, depending on the value of the exciter voltage U „or. 

The output circuits of the operational unit are connected to the windings 
of the summing magnetic amplifier AJ which serves as the first amplifier stage. 
The second amplifier stage is implemented by the magnetic amplifiers AJJ-W 
and AJI-F. The power winding current of the AJ/-W amplifier acts upon the 
semiconductor grid control system of the working group valves GCSII-W, 
while the current of the power winding of the A//-F amplifier influences the 

semiconductor grid control system of the forc- 

(SH ing group valves GCS/I-F. The action is eff- 

ected through output filters F which reduce 

the a.c. component of the output voltage to 

TA mV. Figure 1-21 shows the diagram of the 
filter. 

Marked JE on the structural diagram of 
the regulator (Fig. 1-20) is gas-discharge tube 
(ionic) exciter containing two groups of valves, 
working and forcing. To limit the amount of 
excitation forcing, the grid supply of the 
GCSII-F forcing group valves is connected via 
an avalanche diode which is connected to the 
circuit when the forcing limiter relay FLR 
functions. Due to a forcing relay FR having a high reset-to-pickup ratio, the relay 
functions in case of remote short-circuits in the network. To delay the forcing 
process after isolating short-circuits (for about 0.4 s), the FR uses drop-out 
delay which is ensured by connecting a capacitor (20 uF) in parallel with the FR 
relay coil. The signal fed to the control coil of the AJ amplifier from the forcing 
relay exceeds the deexcitation signal from the current and voltage derivatives. 
This signal appears when short-circuit faults are isolated. This is done to eli- 
minate the objectionable effect of this signal. 





Flg. 1-24. Output filter circuit 


1-6. Conclusions 


1. Automatic excitation control of synchronous machines is one of the essen- 
tial means employed by the automatic power control system to raise the parallel 
operation stability of electric power stations. Good results issue when genera- 
tors and synchronous capacitors are well equipped with AEC devices. 

2. Developed in the Soviet Union are various techniques for controlling 
the excitation system of synchronous generators. These range from the simple 
relay forcing method to techniques involving the use of overaction excitation 
controllers. 

3. Proportional excitation controllers which respond to variations of the 
absolute values of the controlled variable are built mainly in the form of com- 
pounding devices with an electromagnetic voltage corrector. 

4. Overaction controllers react not only to variations in the absolute values 
of the variables being controlled, but to its derivatives as well. This adds to the 
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speed of response and accuracy of the control (regulation) process. The most 
effective control is by the angle 6 and its derivatives. In practice the controllers. 
accomplish control to values dependent upon the angle 6 (to current flow in the 
generator stator or in the line, to the voltage at the network check point and 
the first and the second derivatives of these quantities). Sometimes the effect 
of variations to the frequency and the speed of its variation is employed by the 
control system in place of the effect of the current and voltage derivatives. 

5. The performance of the excitation forcing device improves when the 
forcing output relay reset is delayed for a short period after isolating a power 
system short-circuit. It is good practice to connect the detecting element of the 
forcing device to the forward-sequence voltage. With generator-transformer sets, 
better results are obtained when the voltage relay of the forcing device is sup- 
plied from the secondary (higher) voltage side of the power transformer. 

6. Exciters employing positive cooling of their windings, must be provided 
with devices which limit the amount and duration of forcing, and also with 
de-excitation devices preventing damage to the exciter and the excitation 
device, in particular to its semiconductor elements, because of intolerable 
multiplicity and duration of the forcing duty. 


1-7. Review Questions 


1. Why does tke parallel operation stability of synchronous generators increase, when 
use is made of AEC devices? 

2. What is the purpose of relay forcing, when a compounding device with an electromag- 
netic voltage corrector is used? 

3. What is the difference between the proportional type excitation controllers and the 
overaction controllers? 

4, What is the purpose of relay forcing when a controller with controlled phase compound- 
ing is used? 

5. What are the operating principles of the linear and non-linear elements employed in 
the measuring components of the voltage regulation devices? 

6. What is the influence of synchronous machine excitation controllers on the voltage 
restoring process after isolating a short-circuit fault? 

7. What is the influence of synchronous machine excitation controllers on the skort- 
circuit current damping process? 

8. What is the principle of operation of overaction controllers? Explain the purpose 
of introducing current and voltage derivatives into the control equation. 

9. What is the purpose of introducing an elastic feedback from rotor current variations 
into the control equation? 

10. Is it wise to leave the relay forcing system turned on, when tle automatic excitation 
controller is at fault? 

14. What is the purpose of resistors r, through rg in the devices of tke EPA-325B 
Wie tap automatic controllers used for generators furnished with high-frequency exciters 

ig. 1-14)! 

12. How is the setting of the voltage relay of the excitation forcing device selected? 
Why is it desirable for this relay to have a higher reset-to-pickup ratio? 

13. What are the actions of attending personnel wken operating excitation forcing 
devices of generators provided with natural and forced cooling of the rotor windings? 

14. How can a signal proportional to the derivatives of the variable under measurement 
be formed? 

15. What is the purpose of the individual units employed in the overaction controller 
eels oe All-Union Electrical Engineering Institute? For the diagram of the controller 
see Fig. 1-20. 
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16. Explain why the effectiveness of the overaction excitation control increases when use 
is made of quick-response excitation systems. 

17. What are the advantages and disadvantages of introducing signals dependent on the 
frequency and the frequency varying rate into the overaction control system? 

18. Figure 1-10 shows the diagram of AEC with controlled phase compounding. The 
device must ensure an automatic increase in the generator rotor current in case of an increase 
in the angle ọ between the current and the voltage of the same phases at the stator end of the 
generator. The rotor current must be at its maximum at the angle ọ = 90 deg and 
minimum at the angle ọ = 0 deg. Explain. why it is correct to connect the device shown 
in Fig. 1-10 to the current and potential transformers, if the impedance angle of the N 
winding of the transformer TM equals 60 degrees and the 7 and N windings are oppo- 
site-connected [1-4], 

Solution. When the vectors of the current and voltage at the stator end of the gene- 
rator are in phase, they correspond to the vector diagrams in Fig. 1-22a for the current, and 
in Fig. 1-226 for the voltage. The current in the 7 winding of the transformer equals the 
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Fig. 4-22. Explanatory diagrams 


vector difference between the currents in phase A and phase C. The magnetic flux built 


up by this current in the T winding is r= krl r- As the T winding is in opposition to 
the N winding, the flux direction oriented relative to the direction of the flux built up by the 
current flow in the N winding is of the opposite polarity and is determined in space by the 


vector Or. 
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The primary windings of the V7 transformer are connected to the interphase: voltages 


Uap i and tere These voltages correspond to the voltages U;, Uy, and Ù, on the 
star side of the VT transformer. The N winding of the transformer TM is connected to the 


vector difference between the voltages Uis = U, — Ue The current J y determining the 
direction of the flux Oy lags the Une voltage vector by 60 deg. It is seen from Fig. 1-22) 
that, as this happens, the flux Dy will lag the flux Or by 90 deg. The resultant flux Dros 
(Fig. 1-22c) determined by the vector sum of the fluxes Dy and Dr will be at its minimum. 


With an increase in the angle p the absolute value of the flux Dres rises and will be at its 
maximum at the angle p = 90 deg. It is seen from the diagram in Fig. 1-10 that the rotor 
current is dependent on the magnitude of the flux ®,,, of the C winding of the transfor- 
mer TM. 


Chapter Two 


AUTOMATIC VOLTAGE REGULATION 


2-1. General 


Maintaining the normal voltage in a power system is one of the basic ways 
of assuring its proper performance. The State Standard[*"') specifies that the 
maximum permitted voltage variation at the load terminals should not exceed 
+5 per cent of the rated value. Voltage drop beyond the specified limits may 
result in excessive slippage of asynchronous motors with resultant reactive 
current overload of the feeding elements and decreased luminous efficiency of 
incandescent lamps where lighting fittings employing such lamps are installed. 
Fluorescent lamps may even go out if the voltage drops slightly beyond the 
specified value. An excessive rise in the voltage may cause,damage to many 
incandescent lamps and radio equipment. More than that, an excessive increase 
in voltage causes premature deterioration of equipment insulation (increases 
the leakage current) and may result in its failure. Voltage drop at power system 
node points reduces the capacity of power transmission lines and affects the 
stability of generators operating in parallel. 

The voltage at the check points of a power system is maintained at the rated 
value through efficient operation of the system on the part of duty personnel 
(full use of the reactive power of generators and synchronous capacitors, pre- 
vention of overloads to the system feeding elements, proper loading and unload- 
ing of individual transmission lines and appropriate selection of transformation 
ratios for step-up and step-down transformers) and also by joint operation of 
automatic excitation controllers of asynchronous generators and synchronous 
capacitors, devices which automatically change, when under load, the trans- 
formation ratios of power transformers, remote transformer boosters and devices 
which automatically switch over or continuously vary the capacitive load 
of static balancers. 


2-2. Use of AEC Devices 


Automatic excitation controllers are used to maintain the voltage in com- 
pliance with the specified characteristic and distribute the reactive load between 
the power sources under normal operating conditions of power systems. When 
generators and synchronous capacitors are equipped with AEC apparatus, 
a change in the required voltage setting is accomplished by special automatic 
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devices, i.e., voltage controllers or through setting devices operated by attend- 
ing personnel. 

To decrease the voltage across the terminals of a generator or a synchronous 
capacitor a setting autotransformer must be used to raise the voltage supplied 
to the linear and nonlinear elements of the voltage corrector. In this case the 
output current of the corrector decreases. 

To increase the terminal voltage of the generator or synchronous capacitor, 
the voltage imposed on the linear and nonlinear elements of the voltage cor- 
rector must be decreased. This decrease is permissible up to a certain limit 





Fig. 2-1. Parallel operation of generators connected into common voltage 
busbars 


dictated by the value of the maximum output current of the voltage corrector. 
The output current of the corrector is indicated on a control panel instrument. 

The’problem of voltage and reactive power regulation in a power system, 
however, cannot be completely solved by the use of AEC devices on generators 
and synchronous capacitors without intervention by duty personnel. Considered 
below are some examples which clarify certain principles underlying the use 
of AEC devices}for automating the voltage and reactive power regulation process 
in power systems. 

The generators operate in parallel into the generator voltage busbars. Each 
generator is furnished with an AEC device. The busbar voltage must be maintained 
at a specified value (Fig. 2-1). 

By convention, the regulation process is considered within a regulating 
range. For the AEC’s, the regulating range is limited by the exciter operation 
region in which the exciter operates until the field current reaches a value 
determining a critical excitation amount during the time interval permitted 
by the exciter design (its electromagnetic and thermal characteristics). 
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Regulation may be to astatic independent characteristics and static depen- 
dent characteristics. In case of astatic (floating) regulation, the system node 
voltage by which the regulation is performed is represented by a straight line 
parallel to the z axis which is the parameter determining the functional depen- 
dence, for instance, the reactive component of the stator current J peact 
(Fig. 2-2a). 

Suppose that the generators are furnished with automatic excitation control- 
lers which respond only to the voltage departure from the specified value. 
When the voltage decreases, it is the AEC with a smaller dead-zone that func- 
tions first. The generator equipped with such a controller will start taking on 
reactive current load. The other parallel machine may not take part in the 
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Fig. 2-2. Voltage regulation characteristics 
(a) astatic (independent) characteristic; (b) static (dependent) characteristic 


voltage restoration or may participate in it after the regulating capacity of the 
first generator has been exhausted. Thus, reactive loads are shared by the machi- 
nes spontaneously. 

When use is made of static regulating characteristics (Fig. 2-2b) reactive 
loads are distributed between the machines in compliance with the slope of 
characteristics I, reace determined by the static coefficients 


s; = tana, and s, = tana, (2-1) 


Loaded with reactive current to a greater degree will be the machine whose 
voltage regulation characteristic looks more like a straight horizontal line, i.e., 
the machine having a smaller static coefficient. To change the characteristic 
slope of Ug =f (Lg react) and obtain a desirable (stable) distribution of reactive 
loads between the generators current stabilization may be used. 

The current stabilization principle is clear from Fig. 2-3. Let the generator 
be equipped with an excitation controller having an astatic characteristic, the 
controller’s function being to maintain a constant voltage across the stator 
terminals to which the controller sensing element is connected through an 
instrument potential transformer. The static control characteristic can be secured 
in this case, if a stabilized reactive current is fed to the AEC controller. Since 
the controller tends to hold a constant. voltage at the input, this voltage must 


AUTOMATIC VOLTAGH REGULATION 63 





automatically follow the equation 
Us =U no- — Ig. reacts (2-2) 


where s = required static coefficient 
Uno-; = busbar voltage with the generator under no-load 





Fig. 2-3. Current stabilization principle Fig. 2-4. Operation of generator-transformer 
sets connected into common busbars 


The required phase relationships between the voltages and currents applied 
to the AEC sensing systems can be obtained, if the systems are supplied with 
voltages as follows 








Ny Neo 
Ù i | 
Ug = Be 44 pa (2-3) 
Ny 
Ugi Ïs 
Ur; = no Ne Pst 


where 7, and n, = transformation ratios of the current and voltage transfor- 
mers 


Tą = stabilization resistance 
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In Fig. 2-2b the characteristic slopes are determined by the magnitude ~ HL a 


‘The desired sharing of the reactive loads among the generators is abtainabls 
by changing this magnitude. 

With full-current compounding devices, the static control Ug = f (Ig. react) 
is obtained due to the internal static (steady-state) condition of the controller. 
It is seen from Fig. 1-9b that the voltage maintained by the device decreases 
with an increase in the reactive component of the stator current, which occurs 
when the value of phase angle ọ rises, while the value of the stator full current 
remains unchanged. When use is made of a voltage corrector, more inertial 
than the compounding device, the reactive currents undergo some redistribu- 
tion with:time. 

The electromagnetic voltage corrector utilizing the circuit shown in Fig. 1-14a 
-ensures control according to the expression 


U == Unoa = U suus (2-4) 


The voltage stabilization is dependent on the amount of the full current 
flowing in the stator coils. To change the static coefficient, an adjustable resistor 
r> is connected in parallel with the winding of isolation transformer IT con- 
nected to the current transformers CT. 

In controlled phase compounding devices (Fig. 1-10) the static coefficient 
‘is regulated by varying \the value of resistance r,. 

The generators operate into common busbars in sets with power transformers. 
Each generator is furnished with AEC devices. The specified voltage level must be 
maintained at the collecting busbars (Fig. 2-4). With the system schematically 
shown in Fig. 2-4 stable sharing of reactive loads by the generator-transformer 
sets is secured even when the AEC devices connected to the generators output 
‘maintain their voltage astatically, i.e., if 


U g1 = U 23 = Uyo-1 = Const (2-5) 


By neglecting the resistance of the generators and transformers and without 
taking into account the active component of the load current, i.e., supposing 
that only a reactive current occurs, the value of this current in phase similar 
to the voltage phase can be found as follows 


Ural 


Igi react — Sr (2-6) 
and 
U,.,;—Up 
T go react = a (2-7) 


TR 


‘where xz, and z; are reactances of transformers 7 and 2. 
From the above-mentioned expressions we obtain 


Line (2-8) 


Iio Tii 
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i.e., with the accepted assumptions the distribution of reactive currents is inver- 
sely proportional to that of the reactances of the transformers. 
Expressions (2-6) and (2-7) may be presented as follows 


Us =O no-1 — Fy] 24 react (2-9) 
and 
Ua = Uno- — Lizl go react (2-10) 


These relationships correspond to the steady-state characteristics of the 
control process. 

The redistribution of reactive loads is obtained by adjusting the static 
coefficient, when installing AEC’s which have static (steady-state) characte- 
ristics. 

Use of AEC’s to maintain the voltage constant at a remote point in the power 
system. Sometimes it is necessary to maintain a constant voltage at a remote 
point in the power system rather than across the generator busbars, for instance 
across higher voltage busbars of step-up transformers or at the end of the trans- 
mission line utilizing a generator-transformer set. In these instances the volta- 
ges of the point at which the voltage regulation must be performed should be 
fed to the AEC sensing element. As mentioned previously, a remote end voltage 
can be measured with the aid of a phantom circuit. 

If the impedance of the network section from the AEC location to the point 
where the automatic voltage regulation must be performed is denoted Zye:, 
while the terminal voltage of the instrument voltage transformer to which 


the AEC sensing element is connected is designated as U gen and the current 
flow in the same phase as /,;, then this phase voltage at the receiving side is 


Us T Ui a ae (2-11) 
Hence 


Org = Ue T Ù, -r laini (2-12) 


To carry into, effect the method of compensation for the voltage drop due 
to the current flow in the equivalent resistor of the phantom circuit, use may 
be made of the AEC elements employed for current stabilization with a change 
in the connection polarity of the current circuits. In a number of cases compen- 
sation is provided only for the voltage drop due to the reactive component of 
the full current through the inductive reactance of the circuit formed by the 
generator and the substation busbars the voltage across which must be regulated. 


2-3. Group Control of Generator Excitation 


The centralized control of the power system operation presupposes that the 
operation of individual power stations follows a prescribed routine in complian- 
ce with a 24-hour schedule of voltages and loads (active and reactive) specified 
by the dispatching department. The work of attending personnel on maintaining 
the voltage at a specified level amounts to operating the setting controls of 
5-01513 
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the AEC devices in due time. With compounding devices having a voltage 
corrector, attending personnel change the transformation ratio of the setting 
autotransformer. 

If there are many power units operating in parallel at the electric power 
Station, the excitation control task of attending personnel becomes a time- 
consuming one. In this case it is expedient to use devices which enable person- 
nel to control the excitation of a group of machines in one operation without 
overloading individual generators and transformers, when placing the machines 
under load. If such a group control is put into practice or planned, the next 





Fig. 2-5. Equalizing reactive loads of synchronous machines 


step in the automation of a voltage regulation process is the use of a central 
voltage controller which eliminates the operator’s intervention in the operation 
of AEC devices when the power station follows its specified voltage schedule. 
It is clear that such devices may find wide application at automated multi- 
unit hydroelectric generating stations. 

In addition to simple design and trouble-free operation the essential requi- 
rements placed on the group excitation control devices are as follows: 

(a) The generators must share the reactive loads as prescribed in the schedule 
and in an aperiodic manner, i.e., without the appearance of hunting between 
the machines connected to the group regulation system. 

(b) Provision should be made for disconnecting any machine from the 
group regulation systems for manual regulation. When automatically discon- 
nected from the network, the generator must be automatically disconnected 
from the group regulation system. 

(c) Manual control of the central voltage controller should be provided. 

Group regulation devices are available in several variants. 

Schemes for equalizing reactive loads. One of such schemes developed in the 
Soviet Union is shown in Fig. 2-5. The scheme includes d.c. motors 7 acting 
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upon the AEC devices of the generators through actuator units AU. The number 
of motors and actuator units is the same as the number of generators sharing 
the reactive loads: The field circuits of the motors are connected to an external 
d.c. source. The armature coil of each motor is supplied with current propor- 
tional to the reactive component of the stator current. 

Used in the reactive load equalizing device in place of the reactive compo- 
nent of the stator current is the rotor current proportional to this current or 


ualizin 
Turbas 


Su, 
UA 





Busbars of voltage central controller 


Fig. 2-6. Group excitation control with equa- Fig. 2-7. Group excitation control with 


lizing reactive loads and central voltage con- a central voltage controller 

troller cc — central voltage controller (corrector), M FI 
CC — central voltage controller; LDU — load dis- Power amplifier, E — exciter auxiliary field. 
tribution unit; OAU — output amplifiers unit; coil, EFC — exciter field coil 


EFC — exciter main field coil; M — regulating 
rheostat motor 


the voltage taken from the field coil (U,,;). To prevent objectionable electrical 
couplings between the field circuits of different machines, the voltage U,, 
may be supplied from constant-current transformers carrying the rotor voltage 
or current. 

When the reactive load balance between the generators is disturbed, a current 
appears in the motor armatures proportional to the voltage which is equal to 
the algebraic difference between the mean voltage of the rotors and the rotor 
voltage of each generator. Depending on the direction of this current, the motors 
start revolving in this or that direction and act on the AEC devices through 
the actuator units until the generator rotor voltages become equal to one another. 

Figure 2-6 is another scheme for group control of generator excitation [#-3), 
The function of the load distribution unit LDU is to measure and compare the 
reactive loads of the generators. The unit is fed from the current transformers 
connected into the stator circuits and from the potential transformers connected 
to the generator terminals. The load distributor output current is amplified 
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by the output amplifier unit OAU and acts upon the change in the excitation 
of the generators. The excitation (field) is controlled by means of the motors 
operating the regulating rheostats of the exciters or by operating the adjustment 
devices of the individual electromagnetic voltage correctors. Such a system of 





Fig. 2-8. Group excitation control circuit with a central voltage controller 
and a device for distribution of reactive loads 


control (regulation) equalizes the reactive loads in an aperiodic manner, 30 
to 60 s after the reactive power distribution between the machines has been 
disturbed to +30 per cent of the power rating of the generators. 

Group regulation scheme with a central controller. Reactive load balance between 
paralleled generators is obtained by using generators with similar external charac- 
teristics. The scheme means replacing the individual voltage correctors with 
a common one (Fig. 2-7)[?-%]. The output current of the central controller (CC) 
-corrector is increased by the magnetic amplifiers MA and feeds into the exciter 
„auxiliary field coil HAFC. The scheme is simple and contains no movable parts, 
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but calls for similar adjustment of the external characteristics of the genera- 
tors, otherwise, the difference between the reactive loads of the generators may 
be significant causing underloaded and overloaded machines. 

Group control scheme with a ceniral controller and a device for distributing 
reactive loads against prescribed schedule. For the block diagram of the device see 
Fig. 2-8. This device was developed by A. Moskalev and others of the All- Union 
Power Engineering and Electrification Scientific Research Institute. * 

The voltage value required at a given point of the power system is set by 
voltage controller Z. The value of the set voltage can be corrected either automa- 
tically according to the power flow in the transmission line or by the operator 
with the aid of remote control. Measuring element 2 compares the busbar voltage 
to the specified voltage. If these voltages differ then, depending upon the sign 
and magnitude of the difference, a pulse is fed via amplifier unit 3 to load distri- 
butor 4. The latter acts upon AEC devices 5 of the individual generators so} that 
the reactive power requirement may be fulfilled by any machine. 

If an electric power station has several sections that can operate in parallel, 
then all the generators of the station under such operating conditions are drawn 
into the voltage regulation operation. To this end the AEC device of each gene- 
rator is acted on through device 6 which adds the output signals of load distri- 
butors 4 installed for the separate generator groups. The electrical connections 
between load distributor 4 and summing devices 6 are controlled by contacts 7 
which close when the corresponding section is paralleled. “4 

To prevent long-time reactive current overloads on the generators, use is 
made of limiters 8 which allow continuous operation of the AEC device within 
certain limits. If maintenance,of the voltage at the specified value requires 
a change in the transformation ratio of the power transformers, this operation 
is carried out by device 4 (through control, unit 9) which changes the transforma- 
tion ratio of the power transformers under load. This operation may be perfor- 
med at once, if the busbar voltage has changed to a value at which it is expe- 
dient to vary the transformation ratio of the power transformers, or after the 
regulating capacity of the generators has been exhausted. 

An essential advantage of the AEC device is that all the generators of the 
power station can be used for voltage regulating purposes with the possibility 
of distributing the reactive loads among them in compliance with the desired 
characteristic even when the generators operate in parallel in sections of diffe- 
rent voltages. The design of the device is, however, very complicated, this is 
the main disadvantage. 


2-4, Automatic Devices for Changing the 
Transformation Ratio of Power Transformers 


Automatic changes in the transformation ratio of power transformers are 
undertaken so that consumer voltage may be maintained at a certain level. 
The transformation ratio regulation by tap changing is accomplished in a step- 
like manner. Continuous control of the transformation ratio through changes 
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in the magnetic state of the magnetic circuit by magnetizing it is sometimes 
used for low rated transformers intended to handle special loads. 

When designing the sensing element of the regulator step-like changes in 
the transformation ratio of ordinary power transformers under load must be 
taken into account. The regulator must have a dead zone which overlaps the 
voltage overregulation value after the regulating device is switched through 
one step. 

Regulation must be slow in order to prevent the switching device from 
operating during short-time voltage variations as frequent operation may damage 
the mechanism. The output control signal is usually executed within 20 to 30 s. 
The sensing element of the regulator can respond to a change in the voltage at 
the regulator location, to a change in the value of the vector voltage sum at the 
regulator position with a voltage drop because of a current flow in an equiva- 
lent resistor, i.e., to a change in the voltage at a certain point in the power 
system electrically close either to the load-centre substation or to the connection 
point of the current receivers, and to a change in the value of the voltage at the 
regulator position with a correction by the value of the current flow in the 
feeding line or by the value of reactive power. 

To control the transformation ratio, when under load, the transformer tap- 
changer position is sometimes changed also automatically by a programmer 
installed at the substation or at the operator’s point, to follow an hour schedule, 
for instance. 

When a transformer with automatic control of the transformation ratio is 
installed at the receiving consumer substation, it is better to accomplish the 
voltage regulation together with the correction of the current flowing in the 
feed line or the value of reactive power. If such correction is not used, then, 
tending to maintain a constant voltage across the consumer terminals in case 
of a drop in the voltage due to increased losses when the load grows, the regula- 
tor switches over the regulating device of the power transformer in order to 
reduce the transformation ratio. The result will be an increase in the current 
flowing through the feed line and additional losses with further reduction of 
the voltage across the terminals of the power transformer. 

Along with the principle of regulating the voltage by following its devia- 
tion from the maximum permissible value, there is another principle, namely, 
that of regulating the voltage by following the integral of the squared voltage 
deviation from the set value taken for a given period of time. The latter prin- 
ciple is based on the fact that the damage to the national economy caused by 
voltage variation is roughly proportional to the variation of the voltage square 
per time period under consideration. This relationship holds only for certain 
types of load and cannot be taken as valid for all the cases encountered in practice. 

Whether the regulating criterion has been chosen properly can be substan- 
tiated by statistical calculations using data taken over a long period. Whatever 
the regulating principle, the control system must maintain the voltage within 
the limits permitted by the load of the power system region. 

Let the voltage regulator principle be studied on the basis of the TsSRZAI 
type (IICP3AM) regulator known for its simple construction (Fig. 2-9). 
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The control relays CR and 2CR control the tap changer of the power trans- 
former by means of auxiliary relays 3AR and 4AR and time relay 57R. The 
relay coils are fed with a.c. power. Relays ICR and 2CR are two-coil polarized 





Fig. 2-9. Voltage regulator, type TCP3AM 


(a) schematic diagram; (b) currents in coils of relays 1CR and 2CR 


relays (the coils are in opposition). Under normal conditions the resultant emf 
of the relay armature is equal to zero and its contacts are opened. One of the 
coils of relays ZCR and also of 2CR are connected through rectifiers to the ter- 
minals of the instrument voltage transformer VT in series with the winding of 
a quickly saturable transformer ST. Depending upon the value of terminal vol- 
tage U of the instrument transformer VT, the current L, flowing in one of the 
coils of relays ICR and of 2CR has a clearly nonlinear characteristic (curve 1 
in Fig. 2-9b). 

The other coils of relays CR and 2CR are connected to the secondary cir- 
cuits of the voltage transformer ST and the intervening transformer ICT 


72 CHAPTER TWO 


(Fig. 2-9a). The primary of the transformer ICT is connected to the secondary 
winding circuit of the current transformer CT. The behaviour of the current J, 
flowing in the other coils of relays ZC R and 2C R conforms to curve 2 in Fig. 2-9b. 

The settings are adjusted by means of a series resistor and tap changing on 
the intervening transformers so that at the voltage equal to the set voltage, the 
currents J, and J, equal each other. Departure of the voltage from the specified 
value causes relays ICR and 2CR to function. 


Unetwork 





Fig. 2-10. Voltage regulator circuit using tunnel diodes 


On the suggestion of engineer Ya. Barkan, the Riga factory “Latvenergo” 
manufactures power transformer automatic transformation ratio control units, 
[type BAURPN-2 (BAYPIIH-2)] for transformers furnished with on-load trans- 
formation ratio control. The device is transistorized. The measuring element 
utilizes tunnel diodes. For the block diagram illustrating the operating principle, 
see Fig. 2-10. A specific feature of the tunnel diode is that it has a low resistance 
only at a certain value and polarity of the applied voltage (Fig. 2-11). This 
gives the diode a valve property, i.e., use is made of a tunneling effect which 
arises after the applied bias has reached the magnitude and polarity at which 
the diode becomes conductive. 
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The voltage regulator includes a measuring element, a current compensa- 
tion device, time delay elements and an actuator. 

The setting is adjusted by varying the resistance of resistor R,., connected 
on the primary side of the intervening transformer 72. The minimum value of 
the voltage setting is 90 volts and the maximum 110 volts. The setting can be 


I 


(a) (6) 


Fig. 2-11. Principle of operation of tunnel diode 
(a) triggering circuit; (b) tunnel diode characteristic, I = f (U) 


adjusted continuously in the range of 95 to 105 volts. The inert zone is adjustable 
within 1 to 6 per cent of the setting voltage with the aid of the resistor R, ;. 

Taken from this resistor by means of its slide is the voltage fed via resistor R2 
to the transistor Q2 of the MORE channel. The transistor QZ of the LESS chan- 
nel is connected to the tapping of the secondary winding of transformer T2. 


JUUUUUUUUVUVUUI 


Fig. 2-12. Oscillogram of tunnel diode’ pulses 


In every other period of alternating current, when the current amplitude 
exceeds the operating current lop of the tunneling diode, the latter is flipped 
(the shaded zone in Fig. 2-11). The resistance of the tunnel diode abruptly rises 
which accounts for the pulse operation of the circuit under control (Fig. 2-12). 

When acted upon by the pulses, the transistors Q/ and Q2 (Fig. 2-10) start 
shaping interrupted pulses to control the LESS and MORE channels through 
amplifiers AZ and 42. In order to maintain the control signals (pulses), when 
the tunnel diode is quickly reset, as the sinusoid of the voltage taken from the 
pense T2 passes the zero point (the resetting ratio of the tunnel diode. 

= 0.2), use is made of capacitors CZ and C2. The discharge’ time of the capa- 
ae is overlapped by the on-off time of the pulses shaped by the tunnel diodes. 
TD-1 and TD-2. 

The interrupted operation of tunnel diodes provides a resetting ratio of 4 
for the whole device, since the repeated functioning of the tunnel diode is 
possible only when the amplitude of the current in the circuit again exceeds the 
operating current (voltage). 

Transformer 7/ and resistor R., compensate for the voltage drop in the power 
transmission line between the substation where the regulator is installed and. 
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the consumer where the specified voltage is to be maintained. When the cur- 
rent flows only in the primary winding of transformer T1, the internal shift 
angle of the current flowing in the secondary winding amounts to 26-30 deg, this 
determines the connection of the primary winding of the transformer TZ to the 
current transformer of the lagging phase. 

The time delay element made of semiconductor elements can provide con- 
tinuous adjustment for 1 to 2 min. Fig. 2-10 shows two time delay elements 





Fig. 2-13. Voltage regulator circuit with two time delay elements based on 
tunnel diodes 


#,and Em which ensure independent operating times for the LESS and MORE 
channels. The output signal of these channels is realized with the aid of relays 
R-1 and R-2. 

Operation of the relay R-2 makes the tap changer of the controlled transformer 
increase the input voltage of the voltage regulator above its dead zone, while 
the operation of the relay R-2 causes it to decrease this voltage below the dead 
zone. 

The regulator may utilize only one common time delay element. However, if 
this is the case, there will be no possibility of separately regulating the opera- 
tion time of the LESS and MORE channels. When the relay R-I functions, the 
circuit of the relay R-2 opens to prevent their simultaneous functioning in case 
the inert zones of the channels overlap each other. 

For a complete schematic diagram of the pulse voltage regulator employing 
tunnel diodes see Fig. 2-13. According to the description compiled by the desig- 
ner, Ya. Barkanl?-*}, the operation of the regulator is as followsl?-*]. 

The lower channel makes the voltage decrease. In the starting (initial) 
position the transistor Q’Z is cut off, while the transistors Q’2 and Q’4 are 
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conducting. The transistor Q’4 bypasses the capacitor C’d of the time delay 
element and feeds the cutoff potential to the base of the transistor Q’5. The 
result is that the flip-flop is in the starting position. The transistor Q’6 is cutoff 
and the relay R2 is deenergized. The upper channel does not function in the 
initial position either. In this channel the similar state is provided when pulses 
are fed to the tunnel diode. The first transistor periodically becomes conductive. 
The pulses are “rectified” by the capacitor C3. The transistor Q2 becomes cut 
off. After the capacitor C4 has discharged, the transistor Q4 also stops conduct- 
ing. The cutoff pulse is removed from the flip-flop and capacitor C5 charges. 
After it is charged to the potential applied to the emitter of transistor Q5, the 
diode D3 is ready to start conducting. The next pulse in sequence from the on-off 
wave generator (avalanche diode D2 and capacitor C2) is fed through the diode 
and flips the flip-flop. The time delay flip-flop utilizes transistors of distinct 
types which are in similar states. When flipped, both of the transistors are 
triggered into conduction and the relay functions. 

The same happens to the other channel when the pulses disappear from the 
tunnel diodes. The discharge resistor RIZ may be small in rating. In this case 
the voltage return to the dead zone cancels the time delay. Repeated operation 
of the regulator involves almost full time delay. When the discharge resistance 
is commensurate with the charging resistance R/J2,the time delay is not can- 
celed at once when the voltage returns to the dead zone. Repeated operation of 
the measuring element will make the regulator operate with a smaller time 
delay. In this case the time delay accumulates. 

The divider is fed from the transformer PT through a rectifier bridge. The 
capacitor CI serves as a filter. The power consumption is 0.5 VA for the measur- 
ing element and 2 VA for the divider. 


2-5. Devices for Automatic Capacity Control 
of Capacitor Banks 


When capacitor banks are used at the substation and at the loads, automatic 
voltage regulation is attainable by switching on or off the capacity of the capa- 
citor banks, depending upon the voltage across the terminals of the sensing 
element or upon the value and polarity of the reactive power passed over the 
feed line, or upon the current flowing in this line. Often the capacity of the 
bank is switched on or off due to a combined effect of all or some of the above- 
mentioned factors. The control of the capacitor banks may be also from a pro- 
grammer device, the simplest case being, for example, an electrical contact- 
type clock. 

Available from the Riga faciory, “Latvenergo” are transistorized devices, 
type ARKOH (APKOH)l-51, which are used to control capacitor banks. The 
regulator provides for voltage regulation with a correction as to the current and 
the phase angle between the current and voltage. The regulator incorporates a 
controller and 10 actuator units. 

Let us consider the operating principle of the device controlling capacitor 
banks from the relaying circuit shown schematically in Fig. 2-14. 





bw 


Fig. 2-14. Capacitor bank control circuit diagram 
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The power supply to the control circuits and the automatic control devices 
is from a potential transformer connected to the substation busbars. The device 
can operate either on the operating current or on a rectified current from a supply 
unit. Fig. 2-44 illustrates the variant with the use of rectified current. Used 
as the sensing element is a voltage relay with one front contact and one back 
contact. With the switch opened, the resistor 70R, is short-circuited by the 
auxiliary contact of the switch and relay 6VR receives the interphase voltage 
U,,- If this voltage is less than the reset voltage of relay 6VR (Upetay < U») 
the 6V R-2 contact is closed. The time relay 7TR is closed and after the specified 
time period it sends a signal to turn on the capacitor bank. The signal is fed 
through the making (front) contact 4A R-2. 

After the bank has been turned on, the busbar voltage of the substation, as 
a rule grows. To prevent the bank from immediate disconnection, the operating 
setting of relay 6VR is automatically changed by connecting series resistance 
15R, in series with its coil. In this case relay 6V R operates only when the vol- 
tage grows in excess of the increased operating setting. The capacitor bank is 
disconnected after the operating time of relay 87R has elapsed. 

The operating time of relays TR and STR lies within 20 to 30 s to prevent 
superflous switching operations in case of short-time voltage variations. 

The resistors J6R, and 77R, ensure the thermal stability of the coils of 
relays 77R and STR. These resistors are connected instantaneously by the 
time relay contact after the solenoid plungers of the actuators of these relays 
have retracted. In the picked up state the current flow in the relay is less than 
the pick-up current and somewhat above the reset current. The number of 
on-off switchings is recorded by counters 9 and 70. Switch 72 is used to change 
over to the manual or automatic control mode. The manual control is effected 
through the control switch (Z7CS). 

The protective relaying of the capacitor bank guards it against interphase 
faults and overloads by means of current relays 7 which are inverse time lag 
devices with a definite minimum. A current cutoff provided in the relay func- 
tions in case of a phase-to-phase fault. In addition, the circuits of capacitor 
banks ranging from 6 to 10 kV are furnished with a fuse. Relay 2 protects the 
banks against earth faults. 

Signal relays 3 monitor the operation of the protective relaying system. 
When the protective relaying system functions, relay 4 opens the turning-on 
circuit of the switch to prevent automatic switching-on of the bank at fault by 
the contact of relay 77R. The relay (4AR) is of the self-retaining type. The 
circuit is reestablished by operating push-button 5 which opens the self-retain- 
ing circuit. The functioning state of relay AR is monitored. To disconnect 
the automatic control circuits, use is made of jumpers 73 and 12. 

When placing capacitor banks into service, provision should be made for 
their forced operation, i.e., for a heavy rise in the network capacitance when 
the voltage drops below 85 per cent the rating. This is because the effect of 
the static compensators decreases with a decrease in the voltage. As 

| eels (2-13) 
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the current o decreases proportionally when the voltage U drops with inva- 
riant zc, which causes additional reactive losses and a further drop in the vol- 
tage, i.e., the process attains an avalanche character. This voltage drop can be 
stopped by an abrupt drop of the zç value, i.e., by 
an abrupt increase in the current J, and reduction 
of the reactive losses. 

An increase in the capacitance current is attai- 
h nable by switching on additional capacitor banks 
or by switching over the capacitors, as per scheme 
shown in Fig. 2-15, from the interphase voltage, 
when the phase current is 


A 


B 











3U ph U nh 
Ic= TA =1.5 — (2-14) 
to the phase voltage, when the phase current be- 
comes equal to 
U ph U ph 
lo= iro =? zo (2-15) 


This switching operation is effected through 
switch 2. 


2-6. Voltage Regulation by Booster Transformers 


Diagrams showing the regulating process are gi- 
ven in Fig. 2-16. The secondary winding of the booster 
may be connected directly into the transmission 
line or in series with the windings of the power 
transformer (near the terminals on the neutral 
Fig. 2-15. Forcing of capa- point side of the power transformer). The primary 

citor bank of the booster transformer is fed from 3 to 10-kV 
busbars through an auxiliary variable-ratio transformer. Regulation is 
either vector-coincident or composite, depending on whether the vector 
of the specified voltage coincides with or is shifted relative to that of 
the voltage being controlled (Fig. 2-16c). In the latter case, not only is the 
voltage changed in its value, but it undergoes a phase shift too. This makes 
the so-called phase-shift regulation obtainable, which can be used to elimi- 
nate excessive power losses arising due to some nonuniformity of parallel 
transmission lines. The transformation ratio control mechanism of the auxiliary 
transformer is adjusted either manually or automatically. 





2-7. Voltage Regulation by Changing Excitation 
of Synchronous Capacitor 
The busbar voltage of the receiving substation can be regulated within 
certain limits by varying the excitation mode of the synchronous capacitor 
installed at the receiving substation and by providing operating conditions with 
leading or lagging current. 


(a) 





Fig. 2-16. Connection of booster transformer 


(a) in series with power transmission line; (b) same with power transformer winding; (c) vol- 
tage regulation principle 





Fig. 2-17. Voltage regulation by changing current in synchronous capaci- 
tor and power factor 


(a) supply circuit; (b-e) vector diagrams 
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Let U, be the busbar voltage of the receiving substation (Fig. 2-17a). The 
load current /; is lagging this voltage by angle pı. When no capacitor is used, 
the feeding end voltage is determined from the diagram given in Fig. 2-17b. It 
is clear that if the busbar voltage of the feeding substation U; is constant, the 
busbar voltage of the receiving substation will change with the change of the 
load current. When the use is made of a synchronous capacitor, the inductive 
component of the load current can be compensated for with resultant operation 
at cos g = 1.0 (Fig. 2-17c). Overcompensation with a leading current flowing 
in the feeding line may be obtained as well (Fig. 2-17d). 

In the case when voltage in the power system and across the busbars of the 
feeding substation rises significantly, the load voltage can be reduced by chang- 
ing the capacitor to an underexcitation mode of operation (Fig. 2-17e). 

Thus by changing the field current of the synchronous capacitor and using 
either the leading currentjor lagging current mode of operation, the magnitude 
and phase of the feeding line voltage losses can be changed in order to control 
the voltage of the receiving substation within the required limits. 


2-8. Voltage Regulation by Controlled Reactors 


A new possibility of regulating the voltage in high-tension networks is 
offered by the use of controlled reactors, the inductive reactance of which is 
changed by varying the steel core magnetizing current. 

Magnetization is performed by a rectified alternating current. If this cur- 
rent is formed by a potential transformer connected to the busbars of the power 


receiver, then a short-circuit makes 
the busbar voltage drop to zero, the 

From other iy 
inputs 6 reactance of the reactor automatica- 





lly and abruptly rises and, if the 
reactor is coupled to the short-circuit 
current, then the short-circuit current 
value decreases, i.e., the reactor per- 
forms the function of a current limiter 
(switch). 

The controlled reactor can be used 
to change the value of the capacitance 
current in the line due to a capacitor 
bank employed by the consumer or be- 
cause of capacity susceptance of the 


10hV 


Fig. 2-18. Automatic voltage regulator using 
a controlled reactor 


1 — controlled reactor (choke with superposed nag- 
netization); 2 — rectifier device; 3 — bank capaci- 
tance; 4 — transformer; 5 — automatic voltage 


transmission line (the latter is essential 
for long lines of 500 kV and more) not 
only discretely, but continuously, in 


regulator; 6 — auxiliary inputs to regulator 
compliance with the assigned mode of 

regulation. The controlled reactor may 

be used to perform phase-shift regulation by the quantities of the power flows in 
the transmission lines. An advantage of the use of a controlled reactor is the 
absence of switching devices to perform switching operations in the circuits 
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being controlled (except for the switches needed to deenergize the reactor when 
it is at fault or for other reasons). How a controlled reactor is used for voltage 
regulation purposes can be seen from a study of Fig. 2-18. 

The controlled reactor is installed at the receiving substation either in 
parallel or in series with the capacitor bank. Regulation of the value of the 
capacitance current flowing in the transmission line and thus changing the 
voltage across the load is obtainable by varying the inductive reactance of the 
reactor through changes in the magnetizing current. This method, when neces- 
sary, makes it possible to abruptly increase the capacitance current with only 
a very small delay, which produces an effect similar to forcing the capacitor 
banks. The prescribed mode of regulation is fulfilled by an automatic voltage 
regulator. 

Data exists on the successful operation of a voltage regulation system at the 
consumers end of a 10-kV network in Byelorussia where a controlled shunt 
reactor and a capacitor bank were installed at a substation with only occasio- 
nal attendance over a period of several yearsl?-*], Abroad, controlled reactors 
are used for vector-coincident and phase-shift voltage regulation in a number 
of 66 to 220 kV power networks. 


2-9. Conclusions 


1. Maintenance of the voltage rated level at power system nodes and at 
consumer points is an important indication of the generated power’s quality. 

2. Automatic excitation regulation devices allow the voltage regulation 
process to be automated to some degree. This is also helped by the devices used 
for automatic control of the transformation factor of power transformers and 
for changing the capacitor of static capacitor banks. 

3. The use of controlled reactors for automatic voltage regulation purposes 
is promising. 

4. Systems for group excitation regulation of generators ease the work of 
personnel who control the operation of power units, making it possible to ope- 
rate the generators of a multiunit power station as one composite generating 
unit. 

5. When static capacitors are installed at the consumers in the form of lum- 
ped capacitance banks to prevent an avalanche voltage drop, the capacitance 
current must be automatically and sharply raised by decreasing the capacity 
reactance zç of the capacitor bank after the initial drop in the voltage, whatever 
the cause may be. When a controlled reactor is used in parallel with the capaci- 
tance, its reactance must be sharply increased in order to raise the capacitance 
current in the line. Where synchronous capacitors are available, provision 
should be made for excitation forcing and automatic excitation regulation devi- 
ces similar to those used with synchronous generators. 
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2-10. Review Questions 


a What is the difference between the astatic and static characteristics of voltage regu- 
lation 

2. What is current stabilization and current compensation in voltage regulation 
devices? Explain the purpose of each and field of application. 

3. How are the specified reactive loads distributed between paralleled generators work- 
ing into the generator voltage busbars? 

4. How are the specified reactive loads distributed among generator-power transformer 
sets working into common busbars? Why is it necessary to observe a definite distribution 
of reactive loads among the generators and astatic voltage regulators under such operating 
conditions? 

5. Explain voltage regulation in power systems. Why is it insufficient to use AEC 
device solely for voltage regulation of synchronous machines? 

6. Describe group excitation regulation of generators at a multiunit power station. 
What is its purpose and possible application? 

7. Explain the purpose and possibility of use of automatic voltage regulators controlling 
the transformation ratio of power transformers. 

8. Why is it possible to change the voltage level at a node of a power system by con- 
necting lumped capacitance banks? Under what conditions should the banks of capacitors 
be disconnected? 

9. What is the purpose of automatic forced operation of capacitive compensation devices 
(capacitor banks at the receiving end) and excitation of synchronous capacitors? 

10. Describe programmed voltage regulation, its purpose and field of application. 

141. Explain automatic regulation of voltage across the receiving substation busbars 
with utilization of a controlled reactor and capacitor bank. What is the advantage of this 
method as compared to automatic regulation by switching over capacitor banks in order 
to change the capacitance current value? 


Chapter Three 


EXCITATION SYSTEMS AND AUTOMATIC 
FIELD DISCHARGE DEVICES OF SYNCHRONOUS 
MACHINES | | 


3-1. General 


The excitation systems and the field discharge devices of synchronous gene- 
rators and motors are considered in detail in textbooks on synchronous machine 
operation. This chapter presents some principles describing the development of 
the above-mentioned systems which assure correct operation of automatic 
power system control assemblies and protective relaying devices. 

There are separate excitation systems in which the supply of exciting cur- 
rent to the field winding of a synchronous machine is from an independent 
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Fig. 3-4. FDC with rotor winding changed over to discharge resistor A, and 
resistor R, connected into exciter field circuit 


d.c. source, the emf of which is independent of the operation of the given syn- 
chronous machine (an example is the current supplied from an individual 
motor-generator set or from a rectifier unit fed from an individual a.c. source) 
and self-excitation systems in which the supply of current to the field circuit. 
of a synchronous machine is from a d.c. source, the emf of which is dependent 
upon the generator speed, voltage or current. 

Figure 3-1 illustrates a widely used variant of exciter circuit employed in 
conjunction with a field discharge control (FDC) and AEC!-*], When the 
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circuit is of the self-excitation type the continuous current generator is moun- 
ted directly on the shaft of the synchronous generator rotor. If the continuous 
current generator (exciter) is driven by an individual motor supplied from the 
power system, use is made of separate excitation. 

To improve the reliability of excitation systems, the tendency is now to 
replace d.c. commutator machines by semiconductor devices. 
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Fig. 3-2. Determining the mean rate of Fig. 3-3. Changes in generator voltage after 


excitation rise operation of FDC according to Fig. 3-1 (no- 
load running); trpc is FDC operating time 


The performance of forced excitation devices and AKC devices employed 
with automatic control facilities which are intended to raise the stability of 
generators working in parallel is materially improved by using rapid rate 
excitation systems with high excitation ceilings. 

The mean rate of excitation across the synchronous machine rotor terminals 
is determined by the tangent of the angle at which the ab side of triangle abc 
(Fig. 3-2) is inclined with respect to its abscissa, the area of the triangle being 
equal to the shaded area limited by the actual curve of the voltage rise per 0.5s. 
. The ceiling excitation voltage is determined by the excitation current factor 
with respect to the magnitude of the excitation current at normal operation of 
the generator and rated current of the exciter. The multiplicity factor of rotor 
current with respect to the rated current allowed for a definite time is specified 
by the manufacturer for each type of exciter. If the forced excitation duration 
exceeds the permissible time, the automatic control devices must reduce the 
excitation current (must perform deexcitation) and if the result is other than 
a droop in the rotor current to the specified value, they should. disconnect the 


EXCITATION SYSTEMS AND AUTOMATIC FDC DEVICES 85 


generator and discharge its field. These circumstances have been considered 
in Chapters 1 and 2. 

In compliance with the State Standard GOST, the excitation systems must 
ensure an excitation forcing multiplicity factor of not less than 2 for generators 
and synchronous capacitors, while the rate of excitation rise should be not 
less than 2 units of excitation/second. | 

The field discharge control (FDC) disconnects the excitation circuit of the 
rotor winding from the d.c. source or another method is used to stop the current 
flow in the rotor circuit, such as the cutting out of semiconductor devices. 
The action of the FDC is more effective when the stator emf quickly drops to 
the value at which arc self-extinguishing occurs in case of damage to the stator 
insulation. Self-extinguishing of arc usually occurs at 500 volts or less. The resi- 
dual emf due to the residual magnetization does not exceed 150-200 volts. 

The functioning of the FDC is compulsory when faults occur inside the gene- 
rator. The generator operation is allowed without excitation during self-syn- 
chronization until the generator reaches the hypo-synchronous speed and the 
rotor winding is changed over from the discharging resistance to carry the full 
field current. Disconnection of the FDC during normal operation of the genera- 
tor results in asynchronous operation with respect to the power system. 

If reserve power is available in a power system, the generators which lose 
their excitation are automatically disconnected as the blocking contacts of the 
FDC device send a trip signal to the output relay of the protection system. 
With a shortage of active power in the power system, the turbogenerator may 
be allowed to operate without excitation for some time (15 to 30 minutes), 
provided the active load of the generator in asynchronous operation is reduced 
to a value approximately 40 per cent of the rating so that the generator is 
protected against current overloading. 

With the TGV-200 (TIB-200) and TGV-300 (TI'B-300) turbogenerators 
employing gas-discharge tube excitation and the TYV (TBB)-165-2, TV V-200-2 
and TVV-320-2 generators which use excitation energy from semiconductor 
rectifiers, operation of the FDC devices and arc extinction may cause overvol- 
tages dangerous to the insulation materials of the rotor. Written directivesl?-1) 
prescribe the use of discharges operating at 2.4 kV (1.7 kVa.;) to protect the 
rotor insulation against ruptures. 

To prevent dangerous overload of rotors having forced winding cooling, 
their excitation control devices are furnished with a forcing limiter. 

In FDC devices which switch the rotor windings to a discharge resistor 
(Fig. 3-1), the stored electromagnetic energy is dissipated in the form of heat by 
resistor RZ. The greater this resistance, the higher the voltage across the rotor 
terminals and the quicker the field discharge process. The permissible voltage 
across the rotor terminals depends on the insulation effectiveness. Usually the 
resistance is four- to five-fold of the rotor winding when in the warmed state. 
Resistance R2 is about 10-fold the resistance of the exciter field coil again in 
the warmed condition. 

When the generator is idling the field discharge time is 5 to 7 s. The rotor 
current and the value of emf drop follows the exponential curve (Fig. 3-3). The 
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‘differential equation describing the rotor current change has the form 


di ; 
L—+(Ry+r)i=0 (3-4) 
hence 
. _ t Gu+r) 
i= le =» (3-2) 
where i = current in the rotor winding 


L, r = inductance and resistance of the rotor winding 
= resistance which the FDC device connects to the rotor winding 
terminals 
I, = U,/r = initial value of the current in the rotor winding (U, is the voltage 
across the exciter terminals before operation of the FDC device) 
In the field discharge control, due to a deion grid which consumes the power 
accumulated by the rotor winding, the discharge time ranges from 0.34 to 1.4 s. 
‘This is far less than the time ensured by the FDC's where the accumulated 
electromagnetic energy is dissipated in. a resistor. 

With the gas-discharge tube or thyristor excitation, the field is effectively 
and rapidly discharged (suppressed) by inverting the exciter and forcing simul- 
taneously the excitation to the upper critical value dictated by the rotor wind- 
ing insulation. The field discharge time approaches here the theoretical value, 


3-2. Exciters Using Gas-Discharge Tubes 
and Thyristors 


Gas-discharge tube exciters supplied from an auxiliary generator 3-2], Used 
as the auxiliary generator (Fig. 3-4) is three-phase generator 7 connected to the 
shaft of the main generator. The field coil of this generator is supplied with 
rectified current from exciter 2 which is a permanent-magnet elevated-frequency 
three-phase generator. The field of the main generator is supplied through gas- 
discharge tube rectifiers from auxiliary transformer having delta-double-wye 
connection. To prevent arcback damage, use is made of anode reverse-current 
circuit breakers A with a device for automatic single-short reclosure. The 
rectified current circuit is controlled by biasing the control grids of the mer- 
cury-arc rectifiers and with the aid of the contacts of cathode circuit breakers K 
which protect the rotor circuit against shorts. 

Another variant of the gas-discharge tube exciter supplied from an auxiliary 
generator connected to the shaft of the main generator is shown in Fig. 3-5. 
The group of low-voltage rectifiers is supplied from part of the turns of the 
auxiliary generator and is intended for excitation control under normal operat- 
ing conditions. The full voltage of the auxiliary generator is applied to the 
high-voltage group of rectifiers which are used for excitation forcing. 

The gas-discharge tube excitation is controlled by an automatic excitation 
control (AEC). The power supply to the gas-discharge tube control cabinet is 
from the house circuits whose power is backed-up by a transformer connected 
to the terminals of the auxiliary generator. The rectifiers are protected against 
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arcback damage by reverse-current circuit breakers with one-shot automatic 
reclosure. The auxiliary generator has an AEC device with compounding and 
an electromagnetic voltage corrector. 

Gas-discharge tube exciter with a series-connected transformer!*-*], One circuit 
diagram variant for this exciter is shown in Fig. 3-6. The mercury-arc rectifiers 
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Fig. 3-4. Gas-discharge excitation circuit fed from auxiliary generator 


are supplied from anode transformer 6 which is connected via the winding of a 
series transformer to the stator voltage of the generator. The excitation is 
controlled by AEG 5 connected to instrument transformer 3. The automatic 
excitation control acts upon the mercury-arce rectifiers via control cabinet 4 
which is supplied from house circuit transformer 2. When short-circuit faults 
occur and cause the voltage across the stator terminals to drop the power supply 
to the rectifiers is continued from transformer / due to current in the winding 
series connected with the generator stator winding. The rectifiers are protected 
against reverse currents by circuit breakers 7. 

An advantage of this exciter is in that it uses no rotating parts. The gas- 
discharge tube exciters utilizing the above-mentioned circuit are most pro- 
mising. 

Quick-response exciters employing thyristors. The circuits for excitation of 
synchronous machines with the use of thyristors are similar to the excitation cir- 
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cuits utilizing controlled gas-discharge devices. By way of illustration Fig. 3-7 
shows a block diagram of the thyristor exciter developed at the Kharkov tur- 
bogenerator plant for synchronous motors[3~% 3-5], 
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Fig. 3-5. Gas-discharge excitation device energized from auxiliary generator 
mounted on the main generator shaft 


A — contacts of anode reverse-current circuit breakers with one-shot reclosure; Dis and 
R — discharger and current limiting resistor to protect against overvoltages which may 
occur when arc is interrupted in valves or when anode circuit breakers come into action; 
K — contactor contact cutting in resistor R for starting by self-synchronization method 


The thyristor is controlled by control device CD which sends shaped pulses 
to activate the thyristor making it conductive or nonconductive and to deter- 
mine the magnitude of current flowing in the rotor winding. This current (in 
value and polarity) depends on the instant the control signal a is produced 
by the control angle unit CAU. The thyristor is supplied from a step-down 
transformer through filtering device F which eliminates upper current harmo- 
nics. Current measurements are taken with the aid of shunt Sh from the short- 
circuit protection unit SPU which, in case of a short-circuit in the supply 
circuit of the thyristor, acts upon the control unit to cut off the thyristor, di- 
scharge the field and disconnect the motor through the output protective relay. 
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When the motor is started the thyristor is nonconductive. The rotor winding 
is short-circuited to starting resistor R, via thyristor switches ThZ and Th2. 


Due to the effect of the induction 
torque, the motor speeds up to a hypo- 
synchronous speed. The current measu- 
rements in the R, circuit are taken 
from the starting resistor protection 
unit SRP which measures the voltage 
drop across the voltage transmitter 
VT, the voltage being taken from the 
terminals of a saturable inductor. The 
SRP unit acts on the control pulse 
shaping unit PSU. When the hypo- 
synchronous speed has been reached, 
the SRP unit cuts off thyristors Thi 
and 7Th2 and with the aid of the PSU 
triggers the thyristor unit into conduc- 
tion, thus feeding the field current 
from the supply transformer to the 
rotor winding. If the motor is at fault 
and its protection is functioning, a sig- 
nal is sent to the SRP unit which 
makes thyristors Thi and Th2 conduct 
and simultaneously cut off the thyris- 
tor unit. Thus the field is discharged 
and the motor is switched to the start- 
ing duty. Similarly, the SRP unit may 
be used to change the synchronous mo- 
tor to operation with removed excita- 
tion and discharged field for subse- 
quent self-synchronization of the motor 
after recovery of the stator terminal 
voltage. 

The forcing limiter unit FLU is 
connected to the rotor winding circuit 
via d.c. transformers DCT. When the 
current flow in the rotor winding 
circuit exceeds the rated value the FLU 
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Fig. 3-6. Gas-discharge excitation circuit 
with series connection of supply transformer 
into generator stator circuit 
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acts upon the control unit CD which in turn reduces the current in the field 
coil circuit of the synchronous motor to the required value by varying the 
instant the control signal triggering the thyristor unit into conduction arrives. 

The automatic excitation control (for example, a compounding device with 
an electromagnetic voltage corrector and excitation forcing) maintains the 
voltage in compliance with the setting Use: on the voltage controller. Opening 
the switch discharges the field. The contro] signal is shaped by the SG device 
which sends the signal to the control device CD. Control for correct starting and 
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sequence of operations is performed by the SC unit which responds to the stator 
current and acts upon the control device CD. 

The power supply to the thyristor unit is from a step-down double-wye 
connection transformer through rectifier bridges. To cool the assembly, use is 
made of a blower controlled by supply unit SU with the aid of contactor K. 
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Fig. 3-7. Block diagram of thyristor excitation system 


The purpose of the thyristor 7h3 bypassing part of the resistance R, is to lower 
dangerous voltages across the starting resistor when an overvoltage occurs during 
the starting operation. 

To discharge the field quickly, provision is made to inverse the current 
polarity in the field excitation circuit by sending the signal &in, from the con- 
trol unit through the control device and the control pulse shaper. 
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3-3. Brushless Excitation System 


The design of the brushless excitation system!®-8] is illustrated in Fig. 3-8. 
Mounted on the shaft of rotor / (Fig. 3-8a) is the stator of auxiliary generator 2 
which revolves together with rectifiers 3 and field coil 4 of the synchronous 
motor. Stator winding 5 of the synchronous motor is connected to three-phase 





Fig. 3-8. Brushless excitation system 


(a) synchronous motor; 1 — synchronous motor shaft axis; 2 — stator of auxiliary gene- 

rator carried by the machine shaft; 3 — rectifier carried by the machine shaft; 4 — syn- 

chronous motor exciter (revolves together with shaft); 5 — synchronous motor stator; 

6 — field coil of auxiliary generator; (b) synchronous machine with cascade asynchronous- 
synchronous exciter 


mains in the usual manner. Field coil 6 of the auxiliary generator is supplied 
either with direct current or with rectified alternating current. The value of the 
current in the field coil 4 of the main unit is changed by varying the field cur- 
rent in coil 6 of the auxiliary generator which thus serves as if a subexciter. 

Figure 3-80 illustrates how synchronous generators can be used with a brush- 
less excitation system. The shaft Sh of the synchronous machine SM carries 
a field coil FC. The same shaft carries rectifiers ER, secondary winding of 
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asynchronous exciter AH, and stator winding of auxiliary synchronous exciter 
SE. The field coil of the auxiliary synchronous exciter (EFC) is supplied from 
static converters SC which may be influenced by the control unit. 

The main control effect on the field current flow in the rotor winding (FC) 
of synchronous machine SM is accomplished by the control unit through the 
primary winding of asynchronous exciter AE. 


3-4. Excitation Systems of Large Turbogenerators 


For powerful electric machines, use is made either of a dynamoelectric 
high-frequency excitation system (for the TVV turbogenerators) or a gas- 
discharge tube excitation system (for the TGV turbogenerators)l*-®], For the 
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Fig. 3-9. Dynamoelectric excitation with high-frequency a.c. generator and 
solid-state rectifiers 


schematic diagram of a dynamoelectric exciter with a high-frequency a.c.. 
generator and solid-state rectifiers see Fig. 3-9. The rotor of the high-frequency 
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generator HFG is driven by the turbogenerator shaft on which the rotor of 
main generator G and the rotor of high-frequency subexciter HFS are assembled. 
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Fig. 3-10. Schematic diagram of gas-discharge tube excitation of turbogenera- 


tor TGV-300 (TI'B-300) 


G — generator stator; R — generator rotor; RT — rectifying transformer; BR — balanc- 

ing reactor, BT — booster transformer; WVG — working group of valves; F VG — forcing 

group Of valves; GC-W, GC-F are devices for grid control of working and forcing groups of 

valves; RPS-W and RPS-F—rotating phase shifters of working and forcing groups of 

valves; SPS-W and SPS-F are static phase shifters of working and forcing groups of valves; 
FDC — field discharge control; AEC—-automatic excitation controller 


The rotor of high-frequency generator HFG carries no field coils. The coils 
are located in the slots of its stator. The a.c. windings are fitted in the same 
slots. 

As compared to the system employing d.c. generators the reliability of this 
excitation system is materially improved due to the absence of a commutator. 

The winding EFC-2 is used for forcing the excitation of generator G by means 
of the quick-response excitation (QRE) device. The excitation control equip- 
ment is conventionally shown in the form of an automatic control panel CP 
and setting autotransformer SAT. The winding EFC-3 is supplied from the 
AER device on the automatic control panel CP. The magnetic amplifiers of 
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the automatic excitation regulator are connected to the terminals of the high- 
frequency subexciter HFS which is a permanent-magnet machine excited by 
the permanent magnets of the rotor. The emf excited in the stator windings. 
of the HFS generator has a frequency of 400 Hz. 

During the start-up of generator G, the coils of the magnetic amplifiers of 
the automatic excitation regulator must be switched over by the contactor SC 
to be energized from the high-frequency subexciter HFS. This ensures the 
subsequent self-excitation of the generator G and high-frequency generator HFG 
enabling the contactor SC to change the excitation circuit to a position 
corresponding to normal operating conditions. 

The series connection of the EFC-1 winding with the rotor winding R of 
the generator assures additional excitation current forcing of the main genera- 
tor G due to a free current arising in the rotor circuit in case of a short-circuit 
at the stator side. 

For protection against a voltage rise caused by free current flowing in the 
R—EFC-1 windings and inducing currents in the EFC-2 and EFC-3 windings, 
resistors 7,, "a and r, are connected in parallel with all these windings. 

The gas-discharge tube excitation circuit is shown in the diagram of 
Fig. 3-10. Use is made of composite self-excitation. The rotor current is con- 
trolled by phase adjusters operating the grid control device. The rotor receives. 
power from the working and forcing groups of the valves. Under normal operating 
conditions the main supply (60 to 70 per cent) is from the working group and 
the additional supply (80 to 40 per cent), from the forcing group of valves. 
In case of a short-circuit in the generator stator circuit, the forcing group beco- 
mes fully conductive with a resultant increase in the rotor current to its per- 
mitted value. 


3-5. Field Discharge by Deion Grid Automatic 
Devices and by Changing the Field Coil 
Supply to Inverter Operation 


Conditions for the quickest field discharge. The field discharge occurs most. 
rapidly when during the entire field discharging period, i.e., the time interval 
when the current in the rotor of the synchronous machine varies from the initial 
value J, to zerol-7), the stator winding terminal voltage remains constant and 
equal to the maximum value permitted by the insulation strength. 

Let the value of resistance R/ in the FDC (Fig. 3-1) be far above the value 
of rotor winding resistance r. The differential equation describing the field 
discharge process in such a device is as follows 


LẸ +Ri=0 (3-3) 


According to the above-mentioned facts the field discharge time has its 
minimum when the energy accumulated in the rotor winding is dissipated at 


EXCITATION SYSTEMS AND AUTOMATIC FDC DEVICES 95 


the maximum rate during the period the FDC device acts. In this case 
di . 
L = Se pee E (3-4) 


where Umax is the voltage across the terminals of the rotor winding in the 
excitation forcing mode. 

From equation (3-4) it is clear that the best field discharge conditions in 
accordance with the diagram in Fig. 3-1 are obtained when the FDC uses resistor 
R1 whose resistance varies inversely to the current flow- 
ing through it. 

Expression (3-4) determines the linear dependence of | | | | | | | | || 5 
the current decrease with time 

4 


i= Io — BE ; (3-5) 


In this instance the current falls to zero within the 
time 
L 


Umax 





(3-6) 


fmin = I 





which is the minimum possible time. 
Field discharge with the aid of a deion grid. For the pig, 3-44. Field di- 
schematic diagram see Fig. 3-14. Through the main con-  scharge control with 
tacts of circuit breaker 3 the exciter 7 supplies power to dcion grid 
the field coil of generator 2. When the FDC device func- 
tions, main contacts 3 open first and then, somewhat later, deion contacts 4 
break. The arc is broken in the crosswise field of magnets and drawn into 
deion grid 5 that breaks the arc into small portions which stream until the 
current in field coil 2 drops to zero. 
If n is the number of grid plates and U, is the arc voltage between the plates. 
(25 to 30 volts for copper plates), then the voltage across the whole arc 


Ua = nU, (3-7). 
It has been shown experimentally that this voltage remains constant almost 


within the entire range of current variations. The differential equation describ- 
ing the transient process is as follows 


LÆ 4 ritUg=U, (3-8) 


where L, and r = inductance and resistance of the excitation winding 
U, = exciter voltage until the field discharge control starts fun- 
ctioning 
The solution of equation (3-8) determines the current variations with time 


; U U 
i= 2 — Za (1— e-tr/L) (3-9) 


Since the voltage drop across the deion grid significantly exceeds the vol- 
tage drop across the rotor winding resistance (3-8) may be simplified without 
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the risk of a large error 
di 
L ar Ue =U 4 (3-10) 
hence 
LA (Uy=U 
“ad —(Ua—U,) 


p (3-11) 


The structure of (3-11) is the same as that of (3-4). It determines the condi- 
tions under which the minimum possible time of field discharge may be attai- 
ned. Therefore, the field discharge time can be brought close to its minimum 
value by properly choosing the performance characteristics of the field dischar- 
ge device furnished with a deion grid. 


hANANAAANAN 
Uys = 12,900 aipe 
uuiuyovuvvu 
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Fig. 3-12. Hydroelectric generator field discharging by FDC diagrammati- 
cally shown in Fig. 3-11 (field discharging oscillogram of 26.9 MW hydroelec- 
tric generator) 

1 — excitation current; 2 — field coil voltage; 3 — stator terminal voltage 


Oscillograms depicting the field discharge process by the FDC devices fur- 
nished with deion grids are shown in Fig. 3-12 for hydroelectric generators and 
in Fig. 3-13, for turbogenerators. When rotor currents are in excess of 600 ampe- 
Tes, two deion grids are used so that a double- pole break of the rotor winding 
circuit is provided. 

The construction of a field discvarse control. for heavier currents is shown 
in Fig. 3-14. The magnetic field which pulls the are into the grid after breaking 
the circuit by main contacts 3 is excited by series-connected coil 5. The field 
makes the arc move along horns 6 to be pulled into deion grid 7 which is com- 
posed of copper plates isolated from one another. On entering this grid, the 
arc is broken up into a number of short arc$'which are caused to rotate at. very 
high speed by a radial magnetizing field built. up by ‘auxiliary coils 70; thus 





QGE" 


Fig. 3-13. Turbogenerator field discharging 


i — 25 MW with short circuit; IZ — 200 MW under normal load; 7 — excitation current; 
2 — Totor slip ring voltage; 3 — stator current 





l: 





Fig. 3-14. Field discharge control unit with deion grid designed for heavy 
currents 


1 — steel plate; 2 — current input terminals; 3 — main movable contacts; 4 — auxiliary 
movable contacts; ő — cross-field extinguishing coils; 6 — arc extinguishing horns; 
7 — deion grid; 8 — steel rod; 9 — steel casing; 10 — radial-field coil; 12 — bypass 

resistors; 72 — dead plates , 


7—01513 


98 CHAPTER THREE 


preventing overheating and burning of the plate metal. Resistor /Z which pro- 
vides by-pass for the individual sections of the grid prevents overvoltages the 
instant the arc is extinguished. 

For the schematic diagram of the field discharge control see Fig. 3-15. 

The circuit employed by the FDC with deion grid envisages insertion of a 
resistance in parallel with the excitation winding of a synchronous machine 
to allow for starting by the self-synchronizing method (see Chapter 7). 


ag 


From forci 
relay 













; bee — blocking contacts; 1-4 — contactors; R, — regulating rheostat; 
R, — power limitingresistor cut in after the main contact of a FDC opens; R, — series 
resistor and 4 — contactor (these are installed to allow generator parallelling by the 
self-synchronizing method) 


FDC devices with deion grids cannot break up small field currents because 
the spin of the arc is retarded in the deion chamber and the arc may not disin- 
tegrate with resulting damage to the deion chamber. Such faults occurred when 
attending personnel tripped the FDC after reducing the excitation current to 
100 amperes or more. In this connection never discharge a field with an FDC-1 
device used with generators rated at 100, 150 MW and more at currents less 
than no-load values and do not use the FDC-1 type devices for generators whose 
no-load current is less than 200 amperes. 

Field discharge with gas-discharge tube and thyristor methods of ewcitation. 
The field discharge is accomplished by inverting the gas-discharge tube or 
thyristor exciter and simultaneously forcing the excitation. Such a mode of 
operation continuous until a current zero in the rotor winding. Then the mer- 
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cury-arc rectifier or thyristor converter is cut off. Control is accomplished without 
interrupting the current in the circuit. 


The differential equation that describes the field discharge process is as 
follows 
L oir = bere (3-12) 


If the voltage drop across the resistance of the rotor as compared to the 





Fig. 3-16. Hydroelectric generator field discharging under no-load conditions 
when using gas-discharge tube excitation (the generator rating is 105 MW) 


voltage value Umax may be neglected, then (3-12) takes the form 
re 
L = —U max (3-13) 
and becomes similar to (3-4) which is the condition decisive for the quickest 


field discharge. 
Figure 3-16 shows a 





pical oscillogram of the field discharge process. 


3-6. Conclusions 


1. The excitation systems of synchronous machines must possess the lowest 
inertia possible, the most rapid response and the highest excitation ceiling. 

2. The excitation systems of synchronous machines must ensure high relia- 
bility of operation. A fault in the excitation system causes the generator to 
stop and may result in an outage of the power system. The most promising 
are the gas-discharge tube and thyristor excitation systems and the circuits. 
utilizing solid-state rectifiers with high-frequency generators. 

3. Field discharge automatic devices are necessary components in automa- 
tic control systems. 

The field discharge circuit must enable the machine to connect: by the self- 
synchronizing method. 

4, Promising is the design of exciters Witli a brushless excitation system as 
it materially improves reliability. 


7* 
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1. 5. All other things being equal, the FDC devices, quickest in discharging 
the field to the residual voltage value at which the arc extinguishes itself, 
are preferable as they possess better reliability. 

6. Developed in the USSR are field discharge units having deion grids and 
voltage invertion of a gas-discharge tube or thyristor exciter with simultaneous 
forcing so that minimum field-discharge time may be attained. 


:3-7. Review Questions 

i. Describe the schemes used for excitation of synchronous machines. What is the dif- 
‘ference between the dynamoelectric separate excitation and self-excitation systems? 

2. How is excitation forcing obtained with various excitation systems when the stator 
terminal voltage of a synchronous machine droops? 

3. Desribe the excitation devices of large rated turbogenerators. 

4. What are the differential equations describing the transfer field discharge process 
for me excitation systems utilizing dynamoelectric, gas-discharge tube and deion grid prin- 
ciples? 

: 5. What are the conditions for obtaining the minimum field discharge time? What 
are the specific features encountered in the operation of a field-discharge unit using deion 
rid? 
: 6. What are the principal gas-discharge tube excitation circuits? How is the excitation 
orcing operation accomplished where a mercury-arc rectifier forcing group is available? 

7. What is the purpose of the double-pole break of the excitation circuit when use is 
made of field-discharge control having a deion grid? 

8. Determine the fteld discharge time for a hydroelectric generator rated at 13,000 
to 15,000 volts which is idling under the following conditions: the circuit utilized by the 
FDC is as in Fig. 3-1; the dynamoelectric exciter voltage, U, is 345 volts; the rotor ins- 
ulation test voltage, Uest is 3,500 volts; the rotor winding resistance, r is 0.168 ohm; 
the rotor winding inductance in the unsaturated portion, Z is 0.806 H; the resistance con- 
nected in parallel to the rotor winding R is four times r; the field current initial value, 
I, is 2,050]A; and the residual voltage across the stator terminals after the field discharge 
process has been completed, Upes is 200 volts. 

Solution. 1. According to (3-2) the equation describing the field discharge process is 
i= Iata] 


Here ee 
L 


me R+r ~"F (e+ 1) 





For the example under consideration 


k =—=4 
r 
ani L 0.806 
C 
2. The time it takes to complete the field discharge process 
T Io 
E ae 


where the rotor winding current i, corresponds to the residual voltage U,,, at which the are 
extinguishes itself 
"ip Ures 


to VEO my 
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where V2 Um.» is. the amplitude value of the maximum voltage across the stator termi- 
nals of the generator under no-load conditions. 


Thus s tji 
do _ V 3Um. v „V 3:45,000 gog ooh 
e 0 se 
and 
4.8 4.8 


t ln 105= —-—4.6=4.48 


~ 4+1 
9. Using the data of the foregoing example, calculate the minimum possible field- 

discharge time when constant voltage equal to the value of the test voltage, Uest = 3,500 

volts, must be maintained across the rotor winding terminals during the discharging process. 
Solution. In compliance with (3-6) ; 

L 


Uteste ce a ta TT 





tmin =1o 
tmin = 2,050 3,500 about 0758. 

10. Using the data given in example 3-9, determine the field discharge time when use 
is made of a FDC device having a deion grid composed of 75 plates. Let the voltage between 
the plates be equal to 30 volts. an a rr a, AS penig i 

` Solution 1. We first determine the voltage across the arc in the deion grid after the 
field discharge control has tripped. 


U, = 30-75 = 2,250 V 
2. And then in accordance with (3-11) 


LŽ = (Ua—Uo) = —(2 250 — 345) 


I 


hence 


0.806. 
Tos =O 





10. What is the difference between/ the thyristor excitation systems and the excitation 
systems utilizing gas-discharge tubes? 

41. What is the operating principle of the brushless excitation system? 
o ao What is the purpose of the forced excitation limiter used in excitation control dev- 
ices 


Chapter Four 


AUTOMATIC CONTROLS FOR MAINTAINING STABILITY 
IN PARALLEL OPERATION AND ELIMINATION OF 
ASYNCHRONOUS OPERATION 


4-1. General 


The building of large power grids, the increased power output of individual 
generating units and electric power generating stations, the long heavily loaded 
transmission lines and joint operation of paralleled power systems through 
“weak” links have imposed a series of requirements upon automatic power 
control systems. They are: 

(a) Maximum possible transmission capacity must be ensured on transmis- 
sion lines. 

(b) Disturbances to the stability of the power systems operating in parallel 
must be prevented. 

(c) In case of asynchronous operation it should be rapidly stopped and 
conditions established for notmal power supply to consumers. 

These requirements are met by a group of automatic devices sometimes 
called automatic mode controls\ The compulsory use of these devices and the 
necessity of taking them into account when calculating stability are fully 
explained in appropriate publicationsl*—4). 

In recent years, to improve the steady-state stability of turbogenerators, 
besides the AEC devices considered above automatic devices to limit active 
power transfers (due to circulating currents) by acting upon the turbine gover- 
nor system were developed. In many cases dangerous transmission line overloads 
are eliminated by automatically disconnecting some generators at the power 
supplying stations. 

The first way to improve transient stability is to quickly clear short circuits 
and also just as quickly reduce steam turbine power for a short time (“strong 
power regulation”), disconnect some of the generators or apply emergency brak- 
ing. 

If the measures taken to prevent stability disturbances are not effective and 
asynchronous operation occurs, it can be eliminated by using automatic sectio- 
nalizing devices. Different variants of these devices can sectionalize the power 
system into roughly balanced loads either instantaneously or within a certain 
period after the asynchronous situation occurred. 

Restoration of synchronism in the power system may be attained by resynch- 
ronization of the paralleled generators either spontaneously after a short-time 
or continuous asynchronous operation, or it may be effected by the automatic 
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controls which sense the change in the active power generated and taken by 
individual parts of the power system. 

It should be noted that power system faults affecting stability are most 
dangerous and they may interrupt the supply to consumers for long periods. 
For this reason, in addition to the use of a number of automatic devices, special 
instructions stipulate that attending personnel shall eliminate asynchronous 
operation by sectionalizing the power system at predetermined points if the 
duration of asynchronous run exceeds 2 minutes!*-*! or if prolonged asynchro- 
nous operation adversely affects performance of the main equipment with pos- 
sible damage to it. 


4-2. Principal Relations Determining 
Operation of Automatic Controls 


According to (1-3) the active electric power transmitted from a finite power 
station over a transmission line to an infinitely (unlimited) large power system 





P — Ua sin ô, (4-1) 
T12 


The graphical relationship (4-1) is illustrated by the sine curve ın Fig. 4-1. 
Power transmission under normal operating conditions is carried out at the 
angle ô determined by point a on the abscissa where it intersects sine curve 1 
which is the electric power characteristic and straight line 3 which is the turbine 
power characteristic corresponding to the load required by the consumer at the 
receiving end of the power system. 

The transmission steady-state stability limit is determined by the maximum 
value of the electric power Pmax when/6 = 90 degrees. Under normal operating 
conditions at least a 20-per cent steady-state stability margin must be provided 
along the transmission lines connecting the power station with the power distri- 
buting system[4~1], 

It is evident from (4-1) that the steady-state stability may be disturbed 
either during a smooth decrease in the generator voltage (emf) or the voltage at 
the receiving end or during a slow increase in the power being transmitted 
due to the rise in the turbine power as the angle ô gradually reaches 90 degrees 
which then disturbs the balance between the turbine power and the electric 
power of the generator. 

When the voltage abruptly drops due to a short circuit or when the mutual 
resistance between the power station and the power system suddenly rises as 
the operating conditions are changed (during a short circuit or after discon- 
nection of some transient links), the stability may be disturbed even after 
clearing the short circuit. The possibility of maintaining stability depends 
both on the duration and amount of the initial disturbance and on the operating 
conditions set up after the fault. These factors, which cause sudden changes 
in the operating conditions, determine the transient (dynamic) stability of 
the power station. 
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. With unexpected changes in electric power (due to disconnection of: one of 
the transmission lines or a short circuit) and a change from curve 7 to curve 2, 
the speed governor of the turbine has no time to instantaneously change the 
admission rate of water or steam. A discrepancy arises between the power of 
the prime mover and the electric power produced by the generator. The latter 
gains speed causing an increase in the angle ô. The powers of the prime mover 
and generator are balanced at point c. The rotor, however, continues to rotate 
due to inertia and the electric power becomes greater than the power of the 





t (o) 
Fig. 4-1. Power characteristic when generator Fig, 4-2. Variation of angle (6 “between emf 
works into the busbars of an infinite power vectors versus time when synchronism is 


system sustained 






turbine, and the generator starts decelerating. After several decaying swings 
the angle ô becomes equal to the argle ôn corresponding to a new steady-state 
condition determined by the power balance of the prime mover and the gene- 
rator. 

Another case will be if the angle ô becomes greater than the critical angle 
ô., on the drooping leg of the characteristic curve 2. In this event, the excessive 
torque changes its sign and causes'‘further acceleration of the rotor. The machine 
loses its synchronism and operates asynchronously. Synchronism will be pre- 
served, if the accelerating area Sabe does not exceed the decelerating area Sege’ 
(see Section 4-4). 

Tentative time of eliminating a short circuit in order to preserve transient stability 
may be determined from the following. Suppose that under short-circuit conditions the gen- 
erator throws off the load completely (three-phase short circuit) and the turbine speed gov- 


ernors have no time to change the water or steam supply. The excessive turbine power ind- 
uces an excessive torque moment on the motor shaft equal to 


AM = AP _ Pload (4-2) 
On On, 


The approximation symbol = is used because the angular velocity w, is assumed 
constant and equated with the nominal value corresponding to the frequency of 50 Hz. 

The acceleration of the relative rotor speed is proportional to the value AM of the torque 
applied and inversely proportional to the inertia J of the generating unit (the generator andi 


AUTOMATIC CONTROLS FOR MAINTAINING STABILITY 105- 


the turbine) 





_ d2810 = AM ay. 

- Fe = 3) 
or ss. 

d7849 ee Pioad , (4-4). 


. at J JOn 


where œp is the nominal value of the angular velocity. 
The inertia constant 


jem: (4-5). 


: in = P 
nr 


where P, is the nominal power of the generator. 
‘The expression (4-4) may be rewritten as follows: 











d? _ Picad On 
| a = Pa Tin. ~ 
Considering that the change of angular velocity 
| ao dô12 = Pioad On 
sO r P, Erm 3 (4-7) 
we obtain 
Ao = eo ; Pload t (4-8). 


On Tin Py 





EA Plood On 42 (4-9): 







rbine or motor and driven mech- 


The inertia constant 7;, of the units (generator and 
ines and their speed of revolution 


anism) is determined by the design parameters of the ma 


Pee D ne has (4-10): 


Tin. unit= Pavia 
uni 


where GD? = moment of gyration, t - mê 
n = speed of the unit, rpm 
Punit = nominal power of the unit, MW 
The inertia constants of the units (generator| and turbine or motor and driven mech- 
anism) are determined as the sum of the inertia constants of the generator Tin. gen and the 
turbine Tintura or of the motor Ty, mo; and the mechanism Tin, mech: 
If the inertia constants are reduced to a base power, the recalculation is performed 











Pr 
Tin. basis=Tin Phasis (4-11) 
It is convenient to express the relative angle 5,, in degrees. Then we obtain from (4-9). 
= 360 1  Proad „z AD, 
69. = 27 f On 2T in pete (4 42) 
At a frequency f = 50 Hz 
1 Pioad 
0 — å oa 2 5 y 
59, = 9,000 T Sea (4-13) 
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The change in the angle 5 from one value (initial) to another (final) under 
maintained synchronism occurs after several synchronous swings (Fig. 4-2a) 
or aperiodically (Fig. 4-20). 

If during transient operation the angle 6 exceeds 180 degrees asynchronous 
running occurs and the angle 6 periodically changes from 0 to 360 degrees. In 
asynchronous operation the electrical variables (current, voltage, power car- 
ried by the transient links) alternately vary their quantities from the minimum 
to the maximum in conformity with the time variations of the angle 6. When 
out of synchronism, along with the alternating synchronous torque, an asynchro- 
nous torque appears which is dependent upon the amount of slip, i.e., the diffe- 
rence between the frequencies of the system and the generator, and the construc- 
tion of the out-of-step machine. At certain relationships of these torques and 
due to the operation of the turbine speed governors, resynchronization may 
occur, i.e., recovery of the synchronous parallel operation, after several asyn- 
chronous revolutions when the speed of the station generators approximates 
the synchronous value. 

Asynchronous operation with subsequent resynchronization may be either 
short-time, only a few seconds, when resynchronization takes place after one 
to three asynchronous revolutions, or prolonged. In a number of instances re- 
synchronization may not occur at all. Resynchronization occurs, if the steady 
slip between the system parts fallen out of synchronism becomes less than the 
so-called critical slip whose value depends upon the total reactance between 
these parts. The critical slip value is 1.5 to 2.0 Hz for fairly “rigid” couplings 
(small reactances), and from 0.2 to 0.5 Hz for “weak” couplings (relatively great 
reactances) between these parts of the system. Techniques for determining the 
critical slip are dealt with inl~+], which also covers power system resynchroni- 
zation problems. 

Generally, with complicated composite pewer systems, resynchronization 
is not aimed at, as the mission of pulling intg synchronism is assigned to so-cal- 
led automatic sectionalizing devices whigh separate the power system into 
sections at predetermined points. 

These measures are resorted to for the following reasons: 

(a) When one part of the power system operates asynchronously with res- 
pect to another one, the voltage variations at various points may disturb the 
stability of the other parts of the system thus resulting in a complicated form 
of multi-frequency asynchronous operation. 

(b) A voltage decrease at the points near the electric centre of the system 
may disturb the stability and disconnect substantial number of synchronous 
and asynchronous motors used by consumers. 

(c) For certain types of load and apparatus asynchronous operation is not 
allowed. 

For the operation analysis of automatic devices it is important to know the 
type of changes occurring in the electrical quantities due to changes in the angle 6. 

Variations of the electrical magnitudes during synchronous swings and 
under asynchronous running differ from their changes caused by short circuits. 
The difference is as follows. | 
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During synchronous swings and asynchronous running the electrical variab- 
les depend on the angle between the emf vectors of machines operating in 
parallel and are changed smoothly in time. With short-circuit faults these 
changes are sudden and stepwise. 

At heavy loads, and in the case of swings and synchronous running, all the 
electrical quantities are symmetric if there are no asymmetric transient coup- 
lings and/or asymmetric loads. Asymmetry of electrical quantities always 





Fig. 4-3. Elementary system 


(a) network diagram; (b) circuit currents and Yoltages when emf vectors are parted 
through angl? 6 


AG = LG sin p = x1 rG 

BF = LF gin Gc = x1 FL 

TGF*1LG 
U 


a .= arcsin 
G 


_ IGFP™1EL 
A „= arcs in—_——_— 
F F 


takes place with short-circuit faults. With asymmetric short circuits the asym- 
metry of electrical quantities persists the whole short-circuit period. Under 
three-phase short-circuit conditions the asymmetry on the terminals of the 
secondary relays occurs at the beginning of the fault, since the phases are not 
short-circuited simultaneously, and also due to the aperiodic components of 
the short-circuit currents and transient processes in the circuits of the symmet- 
ric component filters by means of which the relays are connected to current 
or potential transformers. 

To elucidate the basic relationships, let us consider an elementary system 
(Fig. 4-3a) including two power stations, M and N, operating in parallel and 
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connected by line GF. To simplify the analysis, assume that | È, =| E, | = 


= | E | and that the impedance between the points to which the emf is applied 
is distributed uniformly. 

If the emf vector of the N generators is constant in value and direction, then 
the emf vector of the M generators may be expressed as a function of the angle ô 
between the emf vectors (Fig. 4-3b) as follows 


E,= Eye” (4-14) 
The absolute value difference between these emf’s 
| AE | =| E.—E, [=| È, (e —1) |= AEy, sin =2E sin È (4-15) 


where AZy, is the maximum value of the emf difference (when ô = 180 degrees). 
Because of the effect of the emf difference AE, current flows between the 
generators 
AE 
714MN (4-16), 


i 7 ` 2E 
= sın — = sın 
GF GF m 2 ZiMN 2 


GF => 





where IJgr,, is the maximum value of the equalizing current (when 6 = 180 de- 
grees). 
Here Zim y is the forward sequence impedance of the line between points 
M and N. 
ln space the vectors of currents in phases A, B and C form a symmetric star. 
The voltage at a random point P (Fig. 4-3) 


Up=E y cop (2 ŻEE sin SY (4.17) 


where z,px is the forward sequence impedance between point P and point K 
located in the electric centre, i.e., at the system point at which the voltage 
equals zero when the emf vectors are at the angle 6 = 180 degrees. 

The voltage at the electric centre K of the system (Fig. 4-3) 


Ux = Ecos È (4-18) 

When the generator emf’s are equal, the electric centre is the midpoint of 
the line, provided there are equal impedances on hoth sides from point K to 
points M and N to which the emf is applied. 

The system has a “zero reactance” point at which the angle between the 
current and voltage of the corresponding phase is zero (point Z in Fig. 4-3b). 
Location of this point is of interest for the analysis of the performance of the 
directional protection means and the inductive reactance relays. 
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From the above-mentioned relationships it follows that the currents, vol- 
tages and the phase displacement between the current and voltage may be diffe- 


rent for different points when the gene- 
rator emf vectors of the stations ope- 
rating in parallel are shifted relative 
to each other. 


4-3. Automatic Controls for 
Improvement of Steady-State 
Stability 


As can be seen from expression 
(4-1), the critical value of the active 
power sent over a transmission line 
can be increased if the emf value Ea 
or the busbar voltage U of the receiv- 
ing substation rises, or if the mutual 
reactance Za decreases. 

As mentioned in Chapter 1, the 
inc:ease of the value Æ is controlled 
by the excitation regulators which are 
essential components improving the 
steady-state stability o fpower systems. 
Other types of automatic devices add- 
ing to the steady-state stability are 
load limiting devices on tie transmi- 
ssion lines and the devices which un- 
load the power transmission system 
when the amount of power being trans- 
mitted approaches the critical value. 

Active power flow is limited by 
power flow regulators and limiters (see 
Chapter 6). The time taken to execute 
the control signal and remove the load 
from the tie line ranges from 30 to 60 
seconds (Fig. 4-4). The power flow limi- 
ters adjust the steam inlets to the 
turbines through the usual or special 
type regulators which can stop the 
steam flow to the turbine immediately. 

Devices that rapidly unload the 
tie lines by automatically disconnect- 
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Fig. 4-4. Processes in automatic limiting of 
power flows 


1 — changes in power flow over transmission line; 
a — instant at which mismatch develops between 
actual power flow and setting of limiter; b — in- 
stant at which the assignment is executed; 2 — li- 
miter operation; ¢ — beginning of output signal; 
d — end of signal: 3 — changes in power of the 
first regulating hydroelectric power station due to 
the action of limiter signal (a process without 
overshooting); 4 — the same at the other hydro- 
electric power station (a proces with overshoot- 
ing, 


ing some supplying station generators are very popular. Hydroelectric generators 
are the easiest to disconnect. Disconnection of turbogenerator-transformer units 
needs correct coordination between the unloading automatic controls and auto- 
matic heat engineering devices which provide continuous operation of the 
house circuits being supplied from the unloaded generator. 
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Sensing units which respond directly to the value of the angle ô or to the 
electrical parameters dependent upon the value of angle 6 may be used as 
detecting elements of the automatic unloading devices. The most simple way is 
to utilize a relay responding to current, active power or impedance. 

Unloading automatic devices utilizing current relays. These incorporate relays 
with series-connected contacts handling the A, B and C currents (Fig. 4-5). 


se, R y CR, TR, 


Fig. 4-5. Unloading automatic device made up of current relays 
CR A’ CR B and CRo are current relay contacts connected into phases A, B, and C. 


This type of connection prevents objectionable functioning caused by asym- 
metric short circuits making it possible to use the relay pick-up setting cor- 
responding to the permissible angle ô for the critical load. Malfunctions of these 
automatic devices are possible if three-phase short circuits, which are very rare, 
occur (less than 0.5 per cent of the total number of faults). 
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Fig. 4-6. Unloading automatic device made up of active power relays 


Unloading automatic devices utilizing active (real) power relays. Active power 
relays are connected to handle either the phase power, forward sequence power, 
or the total three-phase power (Fig. 4-6). When this device is used provision 
should be made in its circuit to prevent malfunctions caused by a rise in the 
active power during a short circuit (active power losses in the arc and trans- 
mission lines). Often the circuit is made with a blocking relay responding to 
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asymmetry, i.e., a relay which functions in the case of a backward or zero (phase) 
current or voltage sequence. 

The operating settings of the real power relays must correspond to an angle 
Spickh-up = 0.85, ~ 70 degrees (Fig. 4-1). The operating setting of the current 
relay used in the device shown in Fig. 4-5 may be oriented towards an angle ô 
somewhat greater than that used in the power relay, as the real power decreases 


UP 
f 





Fig. 4-7. Changes in values of real power (Z), current (2) and voltage (3) and (4) 

on individual lengths of tie link of elementary system (3—in electric centre; 

4—at point P of circuit as in Fig. 4-34 when 2px/z4mK = 0.5; resistance of 
power transmission line is neglected, it being assumed that Run = 0) 


when the angle 6 exceeds 90 degrees and the result may be a failure in the work 
of the power relay, while the current grows until the angle 6 reaches 180 degrees 
(Fig. 4-7). 

A disadvantage when applying the unloading automatic devices, utilizing 
current relays or real power relays, is that the operation of these relays depends 
not only on the angle ô but also on voltage. The designed pick-up setting of the 
relay must correspond to the pick-up angle pick-up at the lowest voltage at the 
ends of the transmission system under normal operating conditions. If the 
voltage and the emf are maintained at high values, then in conformity with 
(4-1), the maximum power (current) corresponding to the maximum 6,, = 90°, 
as dictated by the steady-state stability requirements, increases. Consequently, 
the automatic devices adjusted to a current or active power value at the mini- 
mum level of voltage or emf do not allow the load-carrying capacity of the tie 
line system to be fully used. It is better to supplement or replace the automatic 
devices utilizing current or active power relays with relays responding to impe- 
dance values or with directional impedance relays. 

Unloading automatic devices with directional impedance relays. One of these 
devices is illustrated in Fig. 4-8. Current relays ensure operational selectivity 
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against asymmetric short circuits and prevent malfunctions from faults in 
the potential transformer circuits to which the directional impedance relay is 


connected. 





i 
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Fig. 4-8. Unloading automatic device employing directional impedance relay 
CR 4a» CR B and CRo are current relay contacts; Z AB is the contact of impedance relay 


According to (4-16) and (4-17) the impedance across the terminals of the 
impedance relay installed at point P of the tie line 





Fig. 4-9. Variation of terminal im- 
~pedance of impedance relay versus 
angle ô and points of installation 
in elementary system 
1 — in electric centre, 2 — at pomi of 
emf application; 3 — at point P between 
points M and F of elementary system 
in Fig. 4-3a when z4 =0.5z -Shown 


in broken line are absolute values of z 


as functions of 6 within the range from 
180 to 360°, z;p=f (ô) 





neS ô ` 7 244PK 2 6 
Zp = ZymK 00t > y 1+ er tan? = (4-19) 


From (4-19) it follows that the impedance 
measured by the relay installed in the electric 
centre (z;px = 0) is nearly directly proportio- 
nal to the angle 6 (Fig. 4-9) when this angle 
varies from 45 to 315 degrees (6 = 45-315°). 
If the relay is installed at another point of 
the tie line, the impedance measured by it 
within the above angle range does not depend 
on the voltage although it is not directly pro- 
portional to the angle §. Almost direct propor- 
tionality to the angle ô may be obtained by 
imposing upon the impedance relay a voltage 
which is compensated up to the electric centre. 


The use of a directional impedance relay with a 
properly selected setting in the detecting element of 
the automatic control system in place of an active 
power relay can be substantiated as follows. The pick- 
up setting of the power relay of the unloading automa- 
tic control is found from the expression 





Egon U2? 
P hich-up ~ 0.8P m ~ 0.8 Ee nw 0.8 Tia 
(4-20) 


The active power across the power relay ter- 
minals (per phase) 


P =U phl cos 9 (4-21) 
The relay functions, if the active power P >Ppick-up 


With due consideration to the above, the equation may be written 


U ph I coso = 0.8 


UP ph 
242 


(4-22) 
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Hence 
Upn _ i _ es a 
Tcoosg 0.8 1.2523 = const (4 23) 
or 
z/cos @ = const (4-24) 


Expression (4-24) is characteristic of the directional impedance relay whose diameter 
coincides with axis R. The diameter 


D=1.25219 (4-25) 
The characteristic circle is tangent to the axis of ordinates (Fig. 4-10). 


It is seen from (4-25) that the pick-up setting of the directional impedance relay is cons- 
tant and independent of the operating voltage, i.e., the relay adjusts itself to the voltage 





jz 
D 
R 
Fig. 4-10. Characteristic Fig. 4-11. Characteristics of detecting element 
of cosine-type directional 1 — cosine-type directional impedance relay; 2 — directional impedance 
impedance relay relay with internal angle equal to impedance angle Pı; 3 — impedance 


relay and directional power relay (series-connected contacts); 4 — resi- 
stance relay 


value existing at each moment. As compared with the use of a real (active) power relay, the 
detecting element utilizing a directional impedance relay offers a gain in transmitted power 


which amounts to 5-10 per cent of the maximum power that can be transmitted [4-5]. 


It should be noted that the unloading automatic devices may utilize impe- 
dance relays having not only a characteristic satisfying the condition (4-25) 
(Fig. 4-11, circle Z), but also other characteristics, 2, 3 or 4, for example. The 
only requirement is that he relay functions within the region along the R axis 
with R < D. At angles ô = 180 degrees, the phase relations between the 
current and voltage are the same as for a three-phase short circuit at the 
electric centre. Therefore, the directional impedance relays, generally used for 
distance protection, take measurements (with 6 = 180°) corresponding to the 
terminal impedance of the relay during a three-phase short circuit at the electric 
centre. This property has been used by the “Energoset” design agency for selec- 
tive location of the electric centre in multibranch networks connecting several 
generating units and for automatic isolation of power stations fallen out of step. 
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Automatic unloading when the tie link weakens. From equation (4-1) it is 
clear that the maximum value of the power being transmitted decreases when 
one or several tie links are disconnected. This is due to an increase in the ziz 
value. To prevent disturbances to the stability, the batteries of lengthwise capa- 
citance compensation (if available) are forced. The result is a decrease in the 
reactance z,, or the transmission line is unloaded to a value corresponding to the 
post-fault power limit. 

To automatically unload the tie link, when the reactance z,, rises (because 
of disconnection of one of two parallel circuits, for instance), either the local 
effect from the switch of the disconnected circuit is used (from the auxiliary 
contacts of the switch or from the contacts of the repeater relay) or a telemetered 
pulse is sent to disconnect or unload the generators in the transmitting portion 
of the power system. Execution of this control pulse is generally accomplished 
by controlling the power being transmitted before the disturbance. 

Sometimes a disturbance in tie line operation may be indicated by an inrush 
of zero or backward sequence current (Fig. 4-12). It should be kept in mind, 
however, that such a device may operate unselectively when short circuits 
happen in regions close to the tie line substations in the receiving part of the 
power system (for example, at the places with low-tension equipment), if the 
zero (backward) sequence current exceeds the operating current of the detecting 
element. This method, however, may be used if a spinning reserve exists at the 
receiving part of the power system or the power capacity of the system is such 
that unselective disconnection or unloading of the generators at the station 
supply side is permitted. 

The operating principle of a selectivity device in an automatic unloading 
system, that functions when a section of the tie link is isolated, is illustrated 
in Fig. 4-13. Disturbances are indicated by operation of the protective relaying 
devices, which disconnect the defective element and simultaneously send an 
unloading signal (Fig. 4-13a). When a fault occurs at the section close to the 
station busbars the generators are disconnected directly. A remote-control 
breaking device is used when faults occur at remote sections. 

The value of real power flow at which the unloading operation is allowed 
is controlled by the real power relay ZR (three-phase or active power of forward 
sequence). This relay keeps its contacts open if the power flow value is greater 
than the pick-up setting. The relay ZATR “stores” the picked-up state of the 
relay ZR during operation preceding the disturbance. The capacitor 4C and 
resistor 5R form a spark-killer network protecting the contacts of relay 7R 
against burning and giving the 2ATR a functional lag in case power rises in 
excess of the setting ofrelay ZR when a short circuit occurs in the tie lines through 
an arc. This functional delay overlaps the protection operating time and is 
about 0.5 s. The resistor 3R connected in series with the coil of the relay 2ATR 
prevents the operational current circuit from “short-circuiting”’, when the 
contact of relay ZR is closed. 

Figure 4-135 shows the circuit of the unloading device with the tie line iso- 
lated, the circuit being started by a position relay that controls the opened 
position of the line switch (a 3SPR relay). The purpose of the relay ZAR is to 
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deenergize the output circuits of the device when the switch is disconnected 
for repair purposes to perform operations on these circuits with the current 
flow interrupted. The 2A7R relay sends a momentary control pulse (within 
0.3 to 0.5 s) for disconnection!~‘], 








Disconnection 


Disconnection 


(6) 


Fig. 4-12. Circuits responding to inrush of zero-sequence current 


(a) with the type OT relay; (b) with a high-speed d.c. relay. Relay 2AR prevents mis- 
operation after a short-time disturbance in operating current circuit 


The circuit shown in Fig. 4-13d is more complicated than that in Fig. 4-13a. 
It produces an output signal when the protective relaying system may be ino- 
perative, for example, if the line is disconnected manually. 

Rapid remote-trip device. The rapid response time (less than 0.1 s) and elimi- 
nation of interference in remote-control disconnectors are obtained by the use 
of a frequency-time code. Under normal operating conditions the transmitter 
of the remote-trip device continuously generates a carrier-frequency (c-f) signal 
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which is picked up by a receiver. Loss of the signal for 3 to 5 seconds or more 
indicates a fault in the c-f channel. When this occurs, the output circuits at 
the receiving end automatically open and a warning signal is sent to the opera- 
tors. Functioning of the starting element of the remote-trip (RT) device changes 


Disconnection 
of generators 
am 











Distance trippi 
Piskegee biis 


+ 
From CFRT 
receiver 


Froin protection 


(6) 


Fig. 4-13. Automatic unloading device 
(a) and (b) variants of detecting elements; (c) storage of preceding operating conditions 


the frequency band generated by the transmitter. If this band change occurs 
within a poriod less than 3 s, i.e., until the trouble blocking acts, this operation 
is not completed and the output circuits of the remote-trip device remain unin- 
terrupted. Being tuned to the changed frequency, the receiver at the receiving 
end starts its operation and produces an output signal. 
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The RT equipment provides several control signals generated at frequencies 
at which the transmitter can operate under the control of the starting devices. 

The c-f transmitters and receivers are connected to the transmission lines 
via coupling capacitors and connection filters similar to those used at the c-f 
protection stations. The ends of the transmission line should be provided with 
line traps. To improve interference suppression, the output transmitter and 
the input receiver are connected to the carrier channel through line filters. 
The generated frequency is quartz-controlled. The diagram of a remote-trip 
device developed by the All-Union Scientific Research Institute of Electric 
Power Engineering is shown in Fig. 4-14. 

Relays JAR to 3AR of the RT receiver are connected to narrow-band fil- 
ters. Since the pilot frequency is circulating at all times, the relay 7AR is 
excited. As this happens, the 7A R-I and 1AR-3 contacts are opened, and the 
1A R-2 contact is closed. The circuit of the blocking relay BR is closed (con- 
tacts BR-I and BR-2 are closed, while contact BR-8 is opened). When the trans- 
mitter operates pilot frequency f, disappears and frequency fa or frequency f; 
appears, depending on whether the starting relay ZSR or 2SR operates at the 
transmitting end. At frequency f, the relay 2A R functions and makes the relay 
IA Rou: operate. The relay 3AR functions and the relay 2A Rou: closes at fre- 
quency f;. The time taken by the contacts of the relays 2AR and 3AR to change 
over is insufficient for the BR relay to drop out and break the contact BR-2. 
The supply to the coil of relay BR is recovered through the circuit 2A R-3— 
IAR-3 or 8AR-3—1AR-8. 

Unloading the tie links by power station separation with subsequent two-branch 
operation. This method is clear from Fig. 4-15. Under normal operating condi- 
tions power station A supplies power to power systems B and C. The tie lines 
A-B are}loaded close to their maximum capacity. 

Any disturbance to the normal operating conditions (for example, sponta- 
neous disconnection of the generating unit in power system B, disconnection 
of one of the parallel lines at some section of the AB tie line performed by swit- 
ches 7 through 8, and disconnection of one of the lines of the AC tie link by 
switch 70 through 73) causes a tie line overload between power station A and 
power system B. The disturbance can be prevented by quickly unloading this 
tie line. The required unloading is accomplished by sectionalizing switch ? 
with subsequent operation into two branches AB and BC and simultaneous dis- 
connection of some of the generators connected to the busbar system of power 
station A from which the two parallel lines are run. 

Opening the sectionalizing switch (9) also helps to prevent disturbances 
to the steady-state stabibity of transmission line AC, which may occur, for 
example, in the case of load throw-off in power system B or an open circuit 
in tie line AB. 

The number of generators to be disconnected simultaneously with the sepa- 
ration of tie lines AB and AC depends upon the power carried by the tie lines 
under the pre-fault conditions and the load on each generator. The number is 
determined beforehand in the stability calculations of the power system and 
may be effected by a control computer (one of the first installations is in use at 
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Fig. 4-14. Schematic diagram of remote-trip c-f device 


(a); block{ diagram; J — c-f master oscillator; 2 — power amplifier; 3 — line filter; 4 — 

input filter; 5 — heterodyne; 6 — frequency converter; 7 — amplifier-limiter, 8 — nar- 

row-band filters; 9 — amplifiers; 7AR to 3AR — auxiliary relays; (b) — connection of 
output circuits of c-f RT receiver 
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the Votkinsk hydroelectric station!*-!1]), manually by an operator or auto- 
matically by the relaying system. 

One automatic device is shown in Fig. 4-16. This includes two active power 
relays RZ and R2 with distinct operating settings (RZ setting less than that of 
R2). When power flow exceeds the RZ setting but is less than that of R2 a few 
generators are disconnected. In the circuit shown in Fig. 4-15 only the sectio- 
nalizing switch is opened. When the power suddenly rises to the R2 setting, 





Large 
A ydroeledtric 
power station A 


Fig. 4-15. Combined operation of power systems B and C through busbars of 
large-rating hydroelectric station A 


relays Z and 2 operate simultaneously and a greater number of machines are 
disconnected. For example, the sectionalizing switch and one or iwo more 
generators are isolated. If the power increases in excess of the RI setting, but 
less than that of R2 and if, after operation of RZ, the power flow fails to drop, 
the relay RI continues to keep its contacts closed or will reclose them very 
quickly in a time not exceeding the wiper-type contact setting time of the 
relay 5TR-3 (0.5 to 1.0 s) and the other group of generators becomes discon- 
nected. The device is reset automatically, after the final contact operating 
time of the relay 57 R-2 has expired. This time is 4 to 5 s. 

Other automatic devices are possible in which the number of disconnected 
generators is governed by the power value in pre-fault operation being con- 
trolled by individual active power relays with different operating settings. 

Reducing real power lack in the receiving portion of the power system. When 
there are no power reserves in the receiving system the above-described techni- 
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ques for unloading the tie links by disconnecting part of the generating units 
at the supplying station may result in a reduced frequency. The tie links can 
also be unloaded by rapidly disconnecting part of the loads through a remote- 
trip device in the receiving system with subsequent automatic reconnection 
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Fig. 4-16. Device for proportional unloading of power transmission system 
when power flow rises 

(a) diagram; tsTR-3 is about 0.5 to 1s (greater than the tripping time of the breaker of 

the first group of machines); tempo is about 4 to 5 s (greater than the time of maximum 


swing cycle); (b) changein power when the load on the transmission line rises smoothly 
(one case); (c) another case; (d) change in power at sudden increase of load 


after clearing the cause of the tie link overload. This method is the better one, 
if the consumer permits short-time interruptions in power consumption (some 
metallurgical plants, for example) or the production is of less importance. 
Group isolation of the less important loads may be remotely accomplished if 
they are widely distributed. 

In a number of cases the execution of the remote-trip command is dependent 
upon the voltage value at the consumer and is allowed if the voltage drops 
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below 90 per cent of its rated value. A voltage drop is another factor characte- 
rizing power loss and overload of the supplying tie links. 

It should be noted that the steady-state stability can be effectively improved 
by automatic excitation regulation of generators and synchronous capacitors 
not a in the distributing part of the power system, but in the receiving one 
as well. 


4-4. Automatic Controls for Improvement of 
Transient Stability 


As mentioned previously, rapid isolation of short circuits is the principal 
way of improving transient (dynamic) stability. It is seen from equation (4-13) 
that the critical time of isolating a short circuit, without stability disturbance, 
depends on the critical angle ô., within which the emf vectors may depart under 
the transient conditions. The less the short circuit time, the less the departure 
angle is likely to reach the value of 6,,. 

As can be seen from Fig. 4-1, the afterfault value of Pmax is of importance. 
This value is dependent on the magnitude of z,, under the same conditionsl4-19), 

Some automatic devices considered above as a means of improving steady- 
state stability can effectively improve transient stability if they are of quick 
response. These include devices which rapidly unload short-circuited tie links 
and when part of the parallel circuits are disconnected, and also devices that 
accomplish under the same conditions the forcing of capacitance banks of 
lengthwise compensation (where capacitance compensation is available). 

Strong excitation regulation facilitates afterfault operation and thus impro- 
ves transient stability (Pmax increases during the afterfault operation). Impor- 
tant to transient stability are emergency braking devices used on overspeeding 
generators. The braking can be accomplished by other methods. 

The first most simple method consists in the automatic isolation of some 
generators at the sending station or the switching over of part of the power 
system including the accelerated generators to a certain load. To this end the 
same rapidly responding devices, as those which prevent steady-state stability 
disturbances are used (see Section 4-3). 

A more complicated method of decelerating generators is by short-time 
connection of resistances into the stator circuit of the generator or into the 
busbars of the tie line. The resistances are cut in once or repeatedly in case of 
a short circuit on the tie line, depending upon the drop in the active power or 
when the angle 6 reaches its preassigned value. There is a proposal to cut in 
braking resistances when the electric power derivative reverses, which corres- 
ponds to the angle ô of 90 degrees. The electrical braking methods, however, are 
not widely applied although experimental installations have been tested. Per- 
haps, noninertia switches without movable parts (thyristor type, for instance) 
will allow this method to be used more effectively. 

Mechanical braking of speeded-up generators is even more difficult alt- 
hough experiments have shown that such braking is feasible. However, due 
to its awkwardness this method is not applied. 
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In recent years, besides isolating generators, rapid (within fractions of 
a second) unloading of steam turbines is most widely used. This method ensures 
effective braking of the power units without their disconnection from the cir- 
cuit. The entire unloading process with subsequent recovery of turbine output 
takes 3 to 5 seconds. 

The effectiveness of various methods improving the transient stability 
will be now illustrated by an example of a short-circuit fault. 

The instant a short-circuit occurs the electric power of the generator changes 
from curve Z to curve 2 (Fig. 4-17). The turbine output remains the same as it 
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Fig. 4-17. Characteristic of power transmis- 
sion process in emergency conditions 

1 — electric power before fault; 2 — electric power 

during short circuit; 3 — output power developed 

by turbines; 4 — electric power after fault, S bed — 


accelerating area; Sp — decelerating area; Aé — 
increment in angle & for the short-circuit period 


Fig. 4-18. Characteristic of power transmis- 
sion process with electric deceleration of gene- 
rator 
1 — electric power before fault; 2 — electric power 


during short circuit; 3 — output power developed 
by turbines; 4 — electric power after fault; S webed— 


accelerating area; S efghi decelerating area; Að — 


increment in angle ô prior to engaging decelerat- 
ing device and clearing short circuit 


was before the fault (straight line 3). During the fault, while the short circuit 
is not cleared, the angle ô changes its value from ô„, = 6, to 6, due to an increase 
in generator speed. After isolating the short circuit, the power rises and its 
value is determined from curve 4. 

The excessive torque accelerating the generator is indicated by the area 
Sabea: Stability will be maintained if this accelerating area does not exceed the 
decelerating area S,» (in this case the generator output is greater than the output 
power of the turbine and the generating unit decelerates). In order to ensure the 
transient stability of the generator the accelerating area on one hand, may be 
reduced during the fault and, on the other hand, the decelerating area may 
be increased after clearing the fault. 

It is seen from Fig. 4-17 that this aim can be attained both by the automatic 
excitation control devices, which increase the ordinates of curve 4 and, thus, 
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the decelerating area, and by the devices for rapidly isolating short circuits, 
which decrease the accelerating area. The emergency braking of the generators 
by cutting in a resistance for a short period increases the decelerating area due 
to an increase in the electric load without changing the turbine output. For 
this case, the torque characteristics are those 
shown in Fig. 4-18. 

The method for securing the transient sta- 
bility by disconnecting some of the generators 
is illustrated in Fig. 4-19. After the generators 
have been disconnected, the decelerating torque 
is indicated by the area Spy.sg which is far 
larger than the area Sbje shown in Fig. 4-17. 

When making calculations it must be kept 
in mind that disconnecting some of the gene- 
rators increases reactance zı somewhat with 
a resultant decrease in the ordinates of the 
power characteristic after correction of the 
fault. 
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Rapidly unloading the steam turbines as 
a means of ensuring the transient stability of 
the generators became feasible after design of 
the electrohydraulic converters (EHC) which 
made it possible for forced pulses from external 
electrical devices to be fed to the hydraulic 
speed governors of the turbines. 

The usual speed governor design employed 
under normal operating conditions is not sui- 
table for rapid changes in turbine output 
during a transient process because of its slow 
action. Therefore, all Soviet-made turbines of 
capacities 300 MW and more are now furnished 
with EHC devices. The EHC devices for 200 


Fig. 4-19. Characteristic of power 

transmission process when some ge- 

nerators of power transmission sta- 
tion are disconnected 


1 — electric power before fault; 2 — 
electric power during short circuit; 3 — 
output power of turbines before disco- 
nnection of some of generators; 3’ — 
same, but when some of generators are 
disconnected; 4 — electric power after 
fault without disconnecting some of ge- 
nerators; 4’ — same, but after disconnec- 
tion of some of generators; 


accelerating area; Sejbg— decelerating 


area; Ad — increment in angle 6 prior 
to clearing short circuit and disconnec- 
ting some of generators 


MW turbines are available at 


option. The use of EHC with electrical inputs allows its use not only for sta- 
bility, but also for a series of other problems (prevention of turbine racing, 
limitation of turbine output when the steam pressure is insufficient, etc.). 

The amplitude and the duration of the pulse shaped by the external device 
for stability preservation and fed to the regulating system of the turbine via 
EHC must consider the gravity of the fault (type of short circuit and its dura- 
tion), the prefault conditions (magnitudes and direction of power flows and 
the like), and the afterfault conditions. Hence, the “dosage” of turbine unloading 
must be determined by the combined analysis of a number of factors. The same 
applies to the automatic device used for disconnecting and electrically decele- 
rating the generators. To solve this problem a special logic device is needed. 

With the aim of simplifying the control process the so-called “program con- 
trol” method may be used in which a precalculated control signal shaped by 
a relay device corresponds to certain type faults. 
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An external signal is formed by a device common for the whole station 
(Fig. 4-20). This signal acts through the electrohydraulic converter on the 
regulating system of the turbine. The control signal governing the amount and 
duration of unloading is accomplished in conformity with the extent of the 
external disturbance (for example, in compliance with the degree to which the 
forward-sequence voltage drops). The device is single-acting without further 
control of the process, thus open-loop regulation is effected. 

The rapid unloading of the turbine ensures the transient (dynamic) stability 
of the generator due to an abrupt increase in the decelerating area (Fig. 4-21). 
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Fig. 4-20. Open-loop pulse control of steam turbine 


1 — electrical attachment of electrohydraulic governor: y, — control action; AP, — mag- 
nitude of pulse signal; P — turbine power output 


The relationship between the change in the turbine output and the value 
and duration of the rectangular pulse is determined by the pulse characteristics 
shown in Fig. 4-22. The dosage of the signal is made in irregularity units (ir). 
A signal of one irregulation regularity changes the turbine load by a value 
equal to its rated output. In order to make the servomotor which controls 
the governing valves of the turbine close at a maximum possible speed, a signal 
of 3 to 4 ir is fed through the electrohydraulic converter. It is seen from Fig. 4-22 
that the delay in changing the turbine output after the unloading device has 
started its operation is 0.2 s. This is mainly due to the presence of free steam in 
the intermediate cavities of the steam path to the turbine blades. 

Figure 4-23 illustrates a control signal shaping device made of auxiliary 
instantaneous pick-up relays with delayed armature drop-out. As dictated by 
the gravity of the fault, tbe sensing element feeds the “plus” of operational 
current to this or that auxiliary bus. Connected to these buses are the JAR re- 
lays which, after functioning, break the circuit of the 2AT relays which deter- 
mine the required duration of the rectangular pulse. The amplitude of the pulse 
is controlled by the resistor Rg. Provision is also made for aftereffect (slow 
removal) of the signal to prevent stability disturbances in the second and sub- 
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Fig. 4-21. Power characteristic in pulse brak- Fig. 4-22. Pulse characteristics of turbine 


ing of steam turbine K-200-130 
A — turbine power output; B — generator power I—2ir, 0.12 s, 2—d2ir, 0.23 s, 3 —4 ir, 
output; 1 — accelerating area with three-phase 0.13 s; 4 — 4 ir, 0.23 s 


short circuit; 2 — braking area with quick pulsed 

drop of steam admission to turbine. The arrow 

shows how power produced by turbine tends to 

recover after removal of pulsed limitation of 
steam inlet to turbine 





a 6 c + = 
= ‘AR 7 ss 
sstgnment o 
dapaiton of rectang- 
ular portion of 
command signal l, 
1AR-2 EST = 
J 3Rq 4Rg 
* % % LDL] EHC 
E E He | am Assignment of A,,@ 
Ae 
E a = RES y and T for decaying 


of command sighail 


C 
{Cd 
7Ra ii 
O O-L_] |_| 
Cz 


C, Cs 


Fig. 4-23. Control pulse shaper. Operating current (+) is fed to busbars 
a, b, c by the elements that determine the time of forced braking of turbine 
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sequent cycles of swing because of a too rapid load pickup on the part of the 
turbine after its heavy short-time unloading. 

The aftereffect of the signal is obtained by connecting the capacitors CJ 
to C3 which discharge exponentially (Fig. 4-24). The shape of the generated 
pulse signal is determined by the values A, and 7, which are the amplitude 
and the time of the rectangular portion of the signal; a) and qt determine the 
starting value of the trailing portion caused by the capacitance in the circuit 
and the time constant of damping. 

If the transmitted power limit has changed but little in the afterfault condi- 
tions then, after short-time unloading, the output of the turbine may recover 
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Fig. 4-24. Command pulse shape Fig. 4-25. Block diagram of electrohydraulic 


1 -- rectangular portion of pulse, 2 == trailing attachment 
portion due to capacitor discharge 


to its prefault value. If the power limit has dropped (due to the disconnection 
of one of two parallel transmission lines) and the prefault power cannot be 
transferred over the tie line in operation then, after an emergency unloading 
of the turbine, its output power cannot be raised to the prefault value and must 
ne limited. This function is performed by an automatic turbine power limiter 
APL). 

The APL detecting element must determine the amount of required unload- 
ing, taking into account that the power station as a whole can be unloaded by 
a control action on several of the units operating in parallel. 

To ensure transient stability the APL operation is usually preceded by 
a short-time turbine unloading. This system, however, may be built as an 
individual device which can change the turbine output according to the after- 
fault steady-state stability limit. 

A speed control mechanism is generally used as the actuating element of 
the APL device. The AOM-67 automatic power limiters developed by the All- 
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Union Heat Engineering Institute act upon the speed governor control system 
by varying the flow rate of the operating fluid in the pulse line (piping) con- 
necting the controller of the speed governor to the governor intermediate pilot 
valve (Fig. 4-25)[4— 6], 

The signal to control the transient process is shaped by a relay attachment 
to the electrohydraulic converter. This attachment generates a rectangular 
pulse of specified duration and a residual signal decaying with time. The regu- 
lation is effected through valve 7 which opens the return outlet for the driving 
fluid of the pulse line in order to abruptly reduce the turbine output. The pick- 
up time of the relay attachment is 0.06 s. 

The turbine output and the power generated afterfault are equalized by regu- 
lating the working fluid drain from the pulse line in the second parallel branch 
of the draining device. This branch has two regulating valves 2 and 3. Valve 2 
opens upon receipt of an emergency signal. The drain is regulated by valve 3 
which is controlled by an electromechanical follow-up system. 

The control signal is formed by comparing the power generated after the 
fault with the turbine output power before the fault. The signal acts on valve 3 
until the turbine output corresponds to the afterfault power which is sensed 
by an electrical power indicator. The beforefault power is clamped by the con- 
trol valve. 


Figure 4-26 shows the block diagram of the electrical attachment to the K-300-240 JIM3 
turbine [4-7]. Asit has been stated above, the “electrical input” of the regulating system is 
used for a number of purposes, emergency decelerating among them. The units comprising 
the electrical attachment assembly are contained within the dashed outline. 

The letters HPP, IPP, LPP denote the high, intermediate and low pressure parts; 
B, boiler; m, %3, and 25, steam pressure values in the steam filled spaces; TP, turbine-driven 
feed pump; &, and &,, HPP and IPP regulating respectively valves; V, and V,, valves of 
the reduction-cooling units; SM, servomotors of valves £, and s; TG turbogenerator, type 
TBB-300-2; AG, auxiliary generator; VI, vacuum indicator; MSPJ, main steam pressure 
indicator; GPV, speed governor pilot valve; SGVSJ, speed governor valve stroke indicator; 
SPJ, intermediate superheater sleam pressure indicator; HB, hydraulic booster; EMC, 
electromechanical converter; SMA, summing magnetic amplifier; FC, functional converter; 
PI, power indicator; FU, frequency unit; and DIF, differentiator connected either to the 
input of the stroke indicator of the speed governor or to the output of the frequency unit. 

The following signals are fed to the electrical attachment: 

(a) Current and voltage of the turbogenerator from the instrument transformers to 
the sensing unit of the power indicator. 

(b) Signals from power indicator PI and pressure indicator SPJ of the intermediate 
superheater to the input of the device for shaping the signal of initial irregularity correction. 
The latter device forms a signal proportional to the initial irregularity correction (IIC) 


Va Ig 
Kiic Ôn Sp 
= relative value of generated power 
It, = relative value of the steam pressure in the intermediate superheater 
1/5 1/5) = steam power and pressure regulation factors, respectively 
(c) Voltage (frequency) of the carrier-frequency subexciter AG of the generator exc- 
itation system or the signal from the speed governor valve stroke indicator SGVSJ to the 
input of the DIF differentiator (acceleration transmitter). 
(d) Signal from the main steam pressure indicator MSPJ and vacuum indicator VJ 
in the turbine condenser to the input of the protection device. 


where vo 
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Provision is made for additional input signals froin the external automatic devices which 
tapidly unload the turbine. 

There are several unloading stages depending upon the gravity of the emergency. They 
differ in amplitude and duration of the pulse fed to the electrical attachment. The first 
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Fig. 4-26. Block diagram of automatic control system of turbine K-300-240 
(electrical attachment units are contained within the dashed outline) 


stage can be accomplished by rectangular pulses exponentially decaying in time. The second 
and ie stages may have a rectangular leading edge and be cancelled after a specified 
period, etc. 

The pulses of each stage are shaped by their own output devices (auxiliary relays, time 
relays, and capacitors for exponentially canceling the signal etc.). With simultaneous oper- 
ation of several stages, the priority rests with the heavier stage, i.e., the stage that unloads 
the turbine the most. The unloading automatic devices cancel the effect of the differentiator. 

To protect the turbine against overspeeding the action of the electrical attachment, is 
fully used when the generator switch is disconnected (from the interlocking contacts or 
from the positioning relay) and also when the frequency rises to 52-52.5 Hz. In the latter 


AUTOMATIC CONTROLS FOR MAINTAINING STABILITY 129 


case the differentiator continues its action on the electrical attachment. As its name implies 
the differentiator responds to turbine speed changes. It is bad practice to keep the differen- 
tiator permanently in the circuit as it may cause unwarranted unloading of the turbogenerator 
under swing conditions and in the case of the generator output fluctuations. 


4-5, Automatic Devices for Sectionalizing Power 
Systems to Prevent or Eliminate Asynchronous 
Operation 


Different types of automatic sectionalizing devices are used to suit the 
specific operating conditions and configurations of power systems. When sta- 
bility disturbances cause no resynchronization (for example, when dis- 
connecting large-rated transmission and when operating the power system com- 
ponents through a small capacity tie line) sectionalizing automatic devices 






Power 


Power 
system I 
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Fig. 4-27. Parallel operation of power systems over two tie links 


providing the most rapid response are applied. If there is a need to check a 
resynchronization possibility, it is better to utilize sectionalizing devices 
which operate if asynchronous operation continues longer than a permitted 
eriod. 

: Let us consider the operating principles underlying various types of sectio- 
nalizing devices. 

(a) Automatic sectionalizing devices of instantaneous action. Described 
below are several versions of such devices. 

1. The most simple variant is the use of current relays with series-connected 
contacts in the A, B and C phases. The low probability of three-phase short 
circuits during which these devices may misoperate makes this variant suf- 
ficiently reliable, especially if the device is used in a small-power link by-pass- 
ing an often heavily loaded link large in rating (Fig. 4-27). 

However, the above variant performs an unwanted sectionalizing operation 
even with a successful automatic reclosure of the powerful tie line. 


9—01513 
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Instantaneous sectionalizing makes even short-time asynchronous operation 
impossible and prevents the occurrence of heavy voltage drops near the electric 
centre. This can happen when the automatic sectionalizing device performs 
sectionalization after several asynchronous cycles rather than instantaneously. 
The instantaneous response devices allow full employment of the transmission 
capacity of the “low-power” tie line and discriminating against successful 
operation of the ARC device on the “powerful” tie line. 

Prevention of heavy voltage drops is a decisive factor when many important 
consumers are sited close to the electric centre as voltage drops affect their 
production process. . 

Improving the response of the above instantaneous sectionalizing automatic 
devices to three-phase short circuits may match them with the operation of 





Disconnection 


Signal 


Fig. 4-28. Device for quick tripping in asynchronous operation 


the ARC device which isolates the automatic sectionalizing devices and recloses 
the switch when there is no voltage from the disconnected line side. If the switch 
has an ARC device which does not provide this operation process (like an ARC 
device without synchronism-checking equipment) the ARC device must not 
operate while the automatic sectionalizing device functions. Otherwise, multi- 
shot repeated asynchronous reclosures may occur. 

Increased response to three-phase short-circuits on sections adjacent to the 
tie line is also obtained by using a time delay of 0.25 to 0.3s in order to discri- 
minate against the operation of the rapid-response protection devices. This 
measure should be substantiated for each case by considering the time the 
current relay contacts remain closed when the stability is disturbed. 

With the above automatic sectionalizing device, the pick-up current of 
the current relays must be 1.3 to 1.5 times greater than the maximum load 
current and at least 1.5 to 2 times less than the maximum equalizing current, 
when the parallel power systems are at their minimum. The possibility of using 
the current starting element of automatic control must be checked from these 
conditions. 

To improve the automatic control response and obtain better isolation against 
load currents the circuit should be supplied with an undervoltage relay (Fig. 4-28). 
If the setting of a relay connected to the voltage Upc is less than 40 per cent 
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of the rating, one current relay connected into phase A may be used. Such a 
device will function very rarely and only when a three-phase short circuit oc- 
curs near the location of the protective device. 

In many cases the undervoltage relay with a low pick-up setting imparts 
automatic selectivity to the device. The sectionalizing devices may function 
on sections close to the electric centre which often is the midpoint separating 
the powers (the zero flow point). A heavy voltage drop occurs at the electric 
centre when the emf vectors are apart more than 120 degrees. 

2. Using a real (active) power relay gives another variant for instantaneous 
automatic sectionalizing purposes. The relay may be a three-phase forward se- 
quence device, or include three single-phase relays with series-connected con- 
tacts having a pick-up setting Ppick-up = 0.8 Pmax (see Fig. 4-7). This auto- 
matic device functions when the angle 6 is about 60 degrees. For better isola- 
tion of the automatic control against synchronous swings and overloads (when 
no asynchronous operation arises) its operation is usually permitted only after 
disconnection of the high-power link and if the power it transmitted before 
the fault would cause stability disturbances when shifted to the low-power link. 
Disadvantage of this variant is the use of complicated relays and the fact that 
their operation depends on the value of voltage at the installation point. As 
to the magnitude of the transmitted power, the critical values of the settings 
should be oriented towards the minimum value of the service voltage. 

3. The third variant of the instantaneous sectionalizing devices uses an impe- 
dance relay (resistance—reactance, or directional) as a detecting element. As. 
compared to the current, voltage and active power relays, the impedance relay 
makes better use of the overloading properties of the tie links, since its opera-. 
tion more clearly clamps the critical value of ô., at which the power carried 
by the tie link must be separated. More than that, it “self-adjusts” to the before- 
fault value of the voltage. 

One simple automatic sectionalizing device employing impedance relays 
is shown in Fig. 4-8. The circuit is similar to that of the automatic sectionalizing 
device considered earlier. The use of current relays prevents misoperation of 
the device due to a fault in the voltage circuits and when asymmetric external 
short circuits occur. 

When using a short-circuit current protection system, the sectionalizing 
device can be easily made from an impedance relay (resistance and reactance, 
or directional) employed as a starting element with properly chosen pick-up 
settings. The best operating results are obtained when the device is installed 
at the substation, near the electric centre. 

4. The above described types of automatic sectionalizing devices function 
when short circuits occur. As mentioned previously, special measures must be 
taken to exclude unwanted operation and clear the after-effects of such opera- 
tion, if any. To completely prevent the operation of instantaneous sectionalizing 
devices during short circuits (three-phase ones included) a circuit may be made 
using protection interlocking principles when swings occur. 

Well known principles may be applied, the only difference being that in 
the case of swing the protection interlock causes the protection system to ope- 
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rate during short circuits but prevents its operation during synchronous swings 
and asynchronous operation which are not accompanied by short circuits. The 
sectionalizing devices, however, must automatically operate when asynchro- 
nous working takes place and isolate themselves during short circuits. 

Figure 4-29 illustrates an automatic sectionalizing device whose operation 
is permitted when the electrical variables undergo smooth changes according 
to the stability disturbances and forbidden when these variables suddenly change 
indicating a short-circuit fault. 
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Fig. 4-29. Instantaneous sectionalizing device 
1 — more sensitive relay; 2 — less sensitive relay; 3 — auxiliary relay 


Shown in Fig. 4-30 is a diagram of an automatic sectionalizing device which 
cannot operate during short circuits. This is effected by a device which breaks 
its circuit when electrical magnitudes of backward or zero sequence appear even 
for an instant. Components of these sequences, appearing in the circuit, indi- 
cate a short circuit which needs no sectionalization. 

(b) Sectionalizing devices with asynchronous operation control. In order 
to distinctly distinguish between synchronous swings in a power system and 
asynchronous} operation, S.A. Lebedev designed a detecting element in the 
form of a relay responding to the angular values between the emf vectors of 
machines operating in parallel. Any type of relay having the following torque 
can be used 


M =U U, cos (9 + a) (4-26) 


where U, and U, = voltages applied to the coils of the relays 
? = angle between the vectors of U, and U, 

= internal angle of the relay 

If voltage iom points M and N of the power system (Fig. 4-31) (from the 
points to which the emf’s E, and E, are applied) is fed to the relay coils, then 
with the internal angle a = 90 degrees, the relay torque will be null when the 
angle ô = m = 0 and 180 degrees, whereas with the internal angle a = 0° the 
relay torque will be null when ô = ọ = 90 and 270 degrees. Thus, if use is 
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Fig. 4-30. Instantaneous sectionalizing device 


(a) contact of output relay to block against I, swing; (U,) — potential to close circuit 

of relay 2AR; (b) contact of output relay 2 to block against I, swing, (Us) with reset 

after specified time. The contact performs breaking function; 7 — contact, ofi starting 
element of device; 3 — auxiliary relay 





Fig. 4-31. Power system 
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made of two relays having different internal angles, a certain sequence of con- 
tact closing will correspond to a certain change of the angle 6 in time. 
The voltage at point P 


Uym fey (ae er 
and (4-27) 
Up= E,—Ipyznp 
Hence, if the voltage from the substation P is impressed upon the relay 
so that 
U,=Up+IpmZmp 
and (4-28) 
U,=Up+ Ipn2np 
the above voltages will correspond to the values of JA and E, The voltage drop 
across the impedances zp and Zyp is compensated by a current proportional to 





Fig. 4-32, Operation of device detecting asynchronous operation 


the line current flowing in the impedances 2, equ = hy2yp and Zg equ = eZ yp» 
The voltage drop across the impedances Z; equ and Za equ is added to the voltage 
fed to the relay coils from the voltage transformer VT (Fig. 4-32). Such cir- 
cuits are known as phantom circuits. 

If the coefficients k, and k, are equal to unity the voltage drop is fully com- 
pensated up to points M and N. If k, (ka) is greater than unity overcompensation 
occurs beyond point M (N), and if k, (ka) is less than unity, undercompensation 
takes place. 

The device for detecting asynchronous operation must be discriminated 
against the effects of a short-circuit. In this instance, the output pulse is formed 


after a certain alternation of vectors È, and E, when the emf angle passes the 
zone of 0-90-180-270 degrees, i.e., when synchronism is lost. If the device is 
installed at a power station, one of the voltages may be applied to it from the 
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terminals of an auxiliary synchronous machine mounted on the generator rotor 
shaft. 

The above device operates only at a certain amount of slip. For this, the 
output circuit must include a time relay and an operation pulse counter. The 
time relay allows the formation of an output signal at a certain duration of the 
output signal generated by the counter. 





Fig. 4-33. Connection of relay in device detecting asynchronous operation 


1, 2 — polarized relays; 3-6 — rectifiers; 7, § — intervening transformers; 9 — resistor; 
10 — capacitor to adjust internal shift angle of relay 1PR 


The design of a device responding to variations in the angle § is shown in 
Fig. 4-33. The connection diagram and a vector diagram are given in Fig. 4-34. 
This device employs two directional two-way relays having internal angles shif- 
ted with respect to each other through 90 degrees. One relay is of the cosine and 
the other of the sine type. Used as the directional units are instantaneous pola- 
rized relays connected through rectifiers. 


Under normal operating conditions (Fig. 4-34) the vector È, leads the vec- 


tor E, by the angle ô (it is assumed that the generators deliver power to the 
power system). In such a mode of operation, contacts 2 of the relays ZPR and 
2PR (Fig. 4-34a) are closed. The areas within which the angle ô varies, while 
contacts 7 and 2 of the relays 7PR and 2PR remain closed, are shaded. Since 
the contact ZA R-1 is closed, current flows in the coil of the instantaneous auxi- 
liary relay 2A R. The relay 2AR opens contact 2A R-2 and closes contacts 2A R-1 
and 2AR-3. The contact 2AR-3 prepares the output circuit of the device and 
the contact 2A R-1, the circuit holding the relay 2A R (after the relay 2PR has 
closed the contact 2PR-1 and the relay ZPR has opened the contact 7PR-2). 

When ô = 180 degrees, contact Z of the relay 2PR closes and contact 2 
of relay ZPR opens. As indicated above, the relay 2AR still remains closed. 
After the angle ô has passed the 180 degree position and lies within 180-270 de- 
grees contact Z of the relay ZPR closes to send an output signal. As the angle ô 
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increases further contact Z of the relay 2PR opens and deenergizes the coil of 
the relay 2AR. Thus, the circuit is prepared for new (repeated) operation after 
the angle ô has passed through 360 degrees. If swings do not make the angle ô 
exceed 180 degrees, i.e., the synchronism is not lost, the output circuit is not 


closed. The circuit also does not close when vector E, lags vector E, 
The device can operate properly also when the voltage applied to the relays 
IPR and 2PR is not exactly compensated by for the voltage drop to the points to 
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Fig. 4-34. Device for detecting asynchronous operation 
(a) relay connection diagram; (b) explanatory diagram 


which the emf is applied. Since the output circuit is closed only after the com- 
pensated voltage vectors have turned through 180 degrees relative to each other, 
it is sufficient under different operating conditions to ensure dependable com- 
pensation for the voltage drop across the section from the location of the device 
beyond the electric centre towards the points to which the emf is applied. On 
both sides of the electric centre the voltage vectors turn with respect to each 
other through 180 degrees during asynchronous run, a fact which does not occur 
during synchronous swings. 

Disadvantage of this device is that it is very complicated and provision 
must be made to prevent the effect of the output signal in case of short circuits 
(by the above-mentioned interlocking units or the use of an operating pulse 
counter, the latter rules out instantaneous breaking of the tie link). 
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In many instances a simpler device incorporating an instantaneous current 
relay and active power relay may be used as a synchronism loss detector. Syn- 
chronism disturbance and an angle 6 in excess of 180 degrees are characterized 
by the change of the active power polarity along the line when the emf vectors 
are parted by 180 degrees. 

The schematic diagram of a device operating on this principle is shown in 
Fig. 4-35. To prevent possible misoperation due to changes in power flows at 
short circuits and after they are cleared and also during short-circuit discon- 
nections of some transmission lines, the control pulse generated by the device 
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counter 





Fig. 4-35. Asynchronous operation detecting device with a real power relay 


actuates a pulse number counter. Shown in Fig. 4-36 is a circuit including a 
two-way power relay P whose joint operation with current relay CR works out 
the output signal when the angle ô passes the 180-degree region. 


When the voltage vector U, leads the generator emf vector Eg, the contact 
P-2 of the active power directional relay closes (area cfe). Functioning of the 
relay CR (area fdbe) closes the 2AR relay which holds itself closed through 
the contact 2A R-I even after the power relay has opened the P-2 contact. Simul- 
taneously the circuit of the coil of the auxiliary relay JAR opens. 

After the angle ô has passed the 180-degree region, the power relay opens the 
P-2 contact and closes the P-1 contact. As the contact 2A R-2 is closed the circuit 
of the output relay 3AR becomes completed. The latter functions and injects 
the output signal. 

If the device is installed at the power station delivering power to a power 


system and the loss of synchronism is due to the fact that the emf vector E; of 


the station generators leads the voltage vector U, of the system, then the contact 
P-1 closes initially and, after the current relay CR has functioned, the coil of 
the auxiliary relay ZAR is connected. The contacts of this relay prepare the 


circuit to close the coil of relay 3A R (it will pick up after the vector E, is shif- 
ted from the aeb area to the dfc area), open the coil circuit of relay 2AR (by 
contact 7A R-3), and ensure self-holding of the circuit (through contact 1A R-Z). 
After decreasing the equalizing current in the 270-360 and 0-90 degree regions, 


438 | CHAPTER FOUR 





the relay CR opens its contact to reset the device. The 3A R relay functions re- 
gardless whether the stability is disturbed in the power system portion that 
lacks power or in that which has excessive power. If the contact circuit of relay 
3AR is controlled by the contact of relay ZAR, which is closed after this relay 
has operated, the output signal will 

t IAR -1 up T be formed when the stability is dis- 


turbed due to the lead of vector Eg, 
i.e., because of excessive power at the 
sending station. The signal may be 
used to execute the “LESS” command 
or to disconnect part of the generators. 
It should be kept in mind that the 
appearance of the signal will not pre- 
vent stability disturbance (the stabi- 
lity has been disturbed as the angle 
5 is in excess of 180 degrees) and the 
signal may be used merely for subse- 
quent resynchronization. 

(c) Sectionalizing devices with 
swing cycle counters. The automatic 
sectionalizing device operates after 
the starting element functions a cer- 
tain number of times. This simultan- 
eously protects the operation of the 
automatic device against short circuits. 
The output relay functions after seve- 
ral pulsations of the electrical quan- 
tities causing the contacts of the start- 
Conio E CR zíosed ing relay to close alternately. The num- 

(s) ber of actions and the current (voltage) 
oscillation period at which the output 






Fig. 4-36. Asynchronous operation detecting 

element made up of current and real power 
relays 

(a) schematic diagram; (b) explanatory diagram 


signal is produced are preset. 
Mechanical devices, rapid-response 

auxiliary relays and electronic devices 

may be used as cycle counters. Coun- 


ters employing single-coil rapid-res- 
ponse auxiliary relays as quick operating (responding to oscillations of small 
periods, up to 0.1 s) units easy to adjust in service are the ones mostly used. 
The most popular counter circuit is shown in Fig. 4-37. 

One of the instantaneous automatic sectionalizing devices may be used as 
the starting element. This device is so changed that its action cannot be dis- 
criminated against short circuits (this function being performed by the counter). 
The current, voltage and impedance starting relays should be connected so that 
the counter is also triggered with stability disturbances in operation with in- 
complete number of phases. This condition is best met by connecting the relay 
to the current of phase conductors A, B and C or to the current of one or two 
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phases and zero-sequence current. The relay contacts are connected in parallel. 
Fig. 4-37 shows a circuit variant in which the starting element made up of cur- 
rent relays is connected to each phase conductor of the line. To improve the res- 
ponse of the starting element to asynchronous currents and obtain better iso- 
lation against load currents, the starting element often utilizes current and vol- 
tage relays and series connection of the contacts of these relays. 

The experience gained from the service of sectionalizing devices furnished 
with a counter for the operation cycles of the starting element has shown that 
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Fig, 4-37. Circuit diagram of a sectionalizing device 


their design must take into account the multi-shot operation of lightning arre- 
sters during intensive thunderstorm disturbances, current and voltage surges 
due to short circuit, its clearing and subsequent line reclosure by the ARC 
device where the short circuit persists, etc. 

The circuit is designed to send a disconnecting pulse at the third trip-and- 
closure cycle. The output relay 7AR functions after the prescribed number of 
operating cycles of the starting element is accomplished and if the time during 
which the starting element contacts remain open does not exceed the rated value. 
In the case of excessive time the device resets. The number of trip-and-closure 
cycles, usually from three to six, is determined by the operating selectivity of 
the automatic sectionalizing devices used in the power system. The time relay 
TR is given a setting of 2.0 to 2.5 s which exceeds the time the line breakers 
remain open in the automatic reclosure cycle. 

Figure 4-38a shows changes in the starting element current as it pulsates 
during asynchronous run with a period of T. The open state time of the starting 
element, contacts employed by the automatic sectionalizing device is ¢,. Points 
1,2, ..., 7 correspond to the pickup instants of relays JAR, 2AR,..., 7AR 
(Fig. 4-37). Fig. 4-385 illustrates how the current changes in the starting ele- 
ment circuit in case of a short ‘circuit cleared within time ts.e.1, line reclosure 
by the ARC device after time t4rc and repeated tripping within time t, c.a 
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The operating time setting of the relay TR (Fig. 4-37) t; must be greater than ts, 
but less than t,rc. 

(d) Sectionalizing devices controlling asynchronous run within a specified 
time. A power system is sectionalized into asynchronously operating parts only 
when asynchronous run persists beyond the preset time. The use of such devices 
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Fig. 4-38. Changes in current flowing in the circuit of starting element of 
a sectionalizing device 
(a) in asynchronous operation; (b) in ARC operation with a persisting short circuit 


allows various units installed at different points of the power system to be dis- 
criminated in time. More than that, it enables the sectionalizing technique to 
be used only after the other methods have failed to promote resynchronization 
of the power system. 
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Fig. 4-39. Sectionalizing device MAE e operation duration cont- 
rolle 


Shown in Fig. 4-39 is a variant of the device circuit. The power system is 
sectionalized in case of long asynchronous operation which continues in excess 
of the time period set on the relay 27 R. Operation of the starting element clo- 
ses the relay JAR and then relay 2A R. The latter remains closed until the time 
relay ZTR controlling the swing period acts. The relay 2AR closes the relay 
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Fig. 4-40. Sectionalizing device in asynchronous operation 


(a) combined diagram; (b) developed diagram. Contact positions correspond to deenergized 
state of relay coils 
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2TR whose operating time can be adjusted from 10 to 15 s or 0.5 to 3 min. The 
relay 2T R will close its contacts only in the case of long asynchronous operation, 
as restoration of normal parallel operation stops pulsation of the starting ele- 
ment contacts making the relay ZTR function and the relays JAR and 2TR 
reset. 

Figure 4-40 shows the circuit of a device utilizing the above-described opera- 
ting principle with starting voltage relays. To avoid unwanted starting at 
faults in the voltage circuits, two sets of voltage relays are used. The 67R and 


IA} Disconnection 





Fig. 4-41. Sectionalizing device detecting prolonged asynchronous operation 


7TR relays are for control of both the closed and opened states of the starting 
elements under asynchronous conditions. The total period during which the 
device controls the asynchronous operation is determined by the setting of time 
relay 5. 

Another principle underlying the automatic sectionalizing devices which 
control asynchronous operation within a specified period is explained by the 
circuit shown in Fig. 4-41. Loss of synchronism is detected due to the fact that 
the counting part of the device operates only after the starting element has 
functioned and the time relay 77R has measured the specified time. 

Of the above-considered variants of the devices operating under asynchro- 
nous conditions with a time delay, this circuit is the most flexible as it allows 
the current, voltage, impedance and power relays and their combinations to 
perform the function of the starting element. 

When arranging the sectionalizing devices in the power system their pos- 
sible failures due to troubles in the relaying part or in the switch gears must 
be taken into consideration. The required margin is obtained either by instal- 
ling individual sets at the opposite ends of the line and giving them similar set- 
tings or by fitting the sets at different points of the network giving them selec- 
tive operation ability which is obtained either by adjustment to a different 
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number of cycles or to different periods of asynchronous operation control. 
In addition, sectionalizing of the power system at the predetermined points 
under asynchronous conditions is one of the duties assigned to the operators. 


4-6. Separation of Small Thermal Power Stations 
from Large Hydroelectric Stations when Speed 
of Hydroelectric Generators Increases 


A number of power supply systems includes powerful hydroelectric stations 
operating in parallel with relatively low-power thermal stations. Most of the 
hydroelectric station's output is usually delivered through tie lines to the recei- 
ving part of the system. If a tie line is disconnected, the hydroelectric station 
may still work in parallel with a thermal power station. The hydroelectric gene- 
rators begin accelerating and, as the regulating 
system of the hydroelectric generators may not 
have time to rapidly reduce their speed, it may 
rise to 120-130 per cent of the rating. The normal 
system regulating the speed of hydroelectric gene- 
rators allows for this increase as they are low- 
speed machines and this speed rise is not dan- 
gerous. 

As a result of increased speed of the hydro- 
electric generators the turbogenerators operating _. ern , 
in parallel are also accelerated (as the hydroelec- Fis. 4-42. Sectionalizing device 
tric and turbogenerators continue to operate syn- fon power Systane whens load 

frequency rises 

chronously). When this happens, the speed of ppr — overfrequency relay; VR — 
the turbogenerators at the thermal power station Voltage relay; AR — auxiliary relay 
may exceed their mechanical strength. Since the 

turbogenerators are high-speed machines, their speed limit is only 110 to 112 
per cent of the rating. When the speed limit is exceeded, the appropriate auto- 
matic safety devices come into operation and shut-off steam to the turbine. 
However, as the generator is not disconnected from the circuit, it will run as 
a motor and increase its speed. The final result may be a damage to the machine. 

This fault is prevented by an automatic sectionalizing device responding 
to a rise in the frequency, the device being installed on the link between the 
thermal and hydroelectric power stations. Use is made of instantaneous automa- 
tic devices (Fig. 4-42). To provide mutual redundancy, two sets of automatic 
devices are placed at the ends of the tie line whose disconnection is planned allo- 
wing also for the thermal power station to supply the" load assigned to it. The 
frequency relays are set to operate between 52.0 to 53.5 Hz. 

The frequency relay connection circuit controls the operational current 
circuit by the contact of a voltage relay which is closed at the existing voltage 
but opens as the voltage drops. The operating setting voltage is 70 to 80 per 
cent of the rated value. The circuit employs a voltage relay because the fre- 
quency relays may close their contacts and make the output relay misoperate 
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due to interruptions in the applied voltage if a fault occurs, for instance, in the 
circuits of the voltage transformers. 

To prevent overspeeding of thermal turbines, a proposal was made to simul- 
taneously disconnect the generator from the power system when the automatic 
safety device comes into action. For this, the circuit tripping the generator 
switch gear must close when the automatic safety device operates. As compared 
to the use of automatic devices utilizing a frequency responsive relay, this method 
is less perfect as it predetermines the stopping of the thermal prime mover even 
in the cases when the automatic safety devices misoperate. 

Automatic control devices responsive to the frequency increase are installed 
not only on the transmission lines between thermal and hydroelectric power 
stations, but on the hydroelectric stations too. Their function is to disconnect 
the hydroelectric generators with a view to preventing an increase in the fre- 
quency after disconnection of the tie links to the receiving system. These auto- 
matic devices are set within 51.0-51.5, Hz, i.e., somewhat lower than those of 
the automatic sectionalizing devices installed on the links to the thermal sta- 
tions. Thus, the latter serves as a stand-by and comes into action if the fre- 
quency responsive automatic device installed on the hydroelectric station turns 
out to be ineffective or fails to function. 

The circuits employed by the automatic devices designed for disconnecting 
the hydroelectric generators when the frequency rises are similar to those des- 
cribed above. 


4-7. Preventing Misoperation of Protective 
Relaying 


Since the currents and voltages encountered in overloads, synchronous swings 
and asynchronous operation are commensurate with the short-circuit currents 
and voltages, all type protection devices, except differential and those respon- 
sive to the backward and zero sequence of electrical quantities, can function 
under the considered operating conditions without short circuits. Subject to the 
effect of asynchronous operation in particular are the instantaneous protec- 
tion devices, if they are not discriminated in their operation against the changes 
in electrical quantities occurring under such operating conditions. The time 
delay protection devices used in loss of synchronism can regularly close and 
open the time-delay element. If the closed state time of the starting element 
exceeds the time within which the action of the time-delay element remains effec- 
tive the protective device will function. 

Misoperation of protective relaying is prevented as follows: 

(a) By the use of special blocking units (“swing blocking”) which detect 
short-circuit conditions and permit in this case protective relaying operation. 
When there is no short circuit, the operational circuit of the protection remains 
open regardless of changes in the electrical quantities (increase in current, dec- 
rease in voltage). 

(b) By using devices which possess reduced sensitivity to the heavy load 
currents as the starting elements of the relaying protection. Examples are the 
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use of voltage relay blocking units, and distance starting elements having spe- 
cial characteristics. 

Let us consider the operation of the above-mentioned devices. 

The blocking unit preventing misoperation of the protection devices in the 
case of synchronous swings, asynchronous operation and overloads can be ful- 
filled on the following principle. During swings or asynchronous operation the 
electrical quantities vary gradually but with short circuits they change sud- 
denly, in this case operation of the protection device is permitted, if the relays 
having the different settings function simultaneously but is prohibited if 
they do not function simultaneously. When electrical quantities of backward 
or zero sequence appear, the action of the protection is allowed regardless 
of the operation of blocking units. In design, this principle may be accomplished 
by the use of an element that responds to a specified rate of change in the elec- 
trical values in place of relays having different operating settings. Such an ele- 
ment can be obtained by connecting relays to the instrument transformers thro- 
ugh a differentiating network. 

In practice, current and impedance relays of different sensitivity have been 
used for the purpose. Service experience has shown that the devices may miso- 
perate when the electrical quantities vary within a time length less than 0.7 
to 1 s. Therefore, the blocking units used in the USSR operate on another prin- 
ciple which has justified itself over many-years service. 

The protection is started and remains effective within a time period suf- 
ficient to detect a short-circuit occurrence in the zone under protection when 
an asymmetric state of the system appears, even if only for an instant (5 to 
10 us). The actuating circuit of the protection system is not placed into opera- 
tion when the protection starting elements function in the absence of asymmetry 
conditions. When protection devices are used in power systems allowing pro- 
longed asynchronous operation the actuating circuit of the protection system 
opens for a length of time exceeding the period of the asynchronous cycle. The 
latter principle is employed in the 3-500 protection system of 400 or 500kV 
lines. 

The principle underlying the operation of the device responding to prolon- 
ged or short-time asymmetry of electrical quantities in a three-phase circuit 
can be seen from the diagram given in Fig. 4-43a. This device was designed by 
the author in 1938, inventor’s certificate No. 61423, April 10, 1938. In the case 
of synchronous swings, asynchronous operation or overloads unaccompanied 
by short circuits, the protection device will not function since relay 4 respon- 
ding to asymmetry of the electrical quantities, like a backward-sequence relay 
or a relay responding to the sum of the backward and zero sequences of electri- 
cal quantities, does not function as contact 4-7 is closed. With a short circuit 
of any type contact 4-7 opens. If the short circuit is asymmetric, contact 4-1 
stays open all the time the asymmetry is present. If the short circuit is symme- 
tric between the three phases the contact opens only for a short time. 

Opening (if only for an instant) of contact 4-1 of the starting relay deenergizes 
the coil of auxiliary relay Z and makes it complete the protection circuits. 
Relay Z is changed over to the initial excited: position after the action of time 
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relay 3 whose setting exceeds the time for clearing the fault in the protected 
zone or it is greater than the time for indicating the fault in the protected zone 
in the instantaneous measurement schemes. The voltage V and impedance Im 
relays guard against repeated making of the protection circuits after clearing 
a symmetric short circuit. 

Contact 4-2 of the starting relay prevents the blocking device from repeated 
starting after an asymmetric short circuit is cleared. To make the circuit ope- 
ration accurate, relay 2 is provided, in which the armature return is delayed 
by 0.4 to 0.2 s after the relay coil is deenergized. 


Proloctiog , Protection 
circuit 





(a) (8) 


Fig. 4-43. Swing and overload blocking circuit responding to asymmetric elec- 
trical quantities” (though of very short duration) 


(a) circuit with instantaneous readiness for repeated operation; (b) circuit with readi- 

ness for repeated operation after preassigned time; 1 — auxiliary relay; 2, 3 — time relays; 

4-1 and 4-2 — relay contacts responding to asymmetry in electrical quantities; V, Im — 

contacts of voltage or impedance ray. (paenon a contacts corresponds to deenergized 
state of relay 


The device circuit prevents improper functioning of the instantaneous pro- 
tection devices in the unfaulted parts of the power system in case of synchronous 
swing or asynchronous operation due to ill-timed clearing of a short circuit. 
In such a case, the protection is taken out of operation after a sufficient lapse 
of time for it to act in the protected zone. This time is 0.2 s for instantaneous 
protection devices in which a cascading action need not be considered. This 
length of time is insufficient to allow the supply emf vectors, even at heavy 
short circuits, to part so that misoperation of the protection is brought about. 

The circuit in Fig. 4-43a provides instantaneous readiness of the protection 
after clearing a short circuit. The circuit in Fig. 4-436 provides readiness of the 
device to operate repeatedly after the lapse of preassigned timc. In this event, 
no undervoltage or impedance relay is required and the readiness time of the 
circuit to repeat the operation must overlap the short-circuit clearing time. 
The disadvantage of the latter version is that after each current surge (opera- 
tion of lightning arresters) the instantaneous protection on many lines in the 
power system may be put out of action. Such a design, however, proves to be 
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good when use is made of the automatic reclosing of single tie lines without che- 
cking for synchronism. The instant an asynchronous closure is performed, back- 
ward- and zero-sequence components appear in the system, but the protection 
performs no false operation as its circuits are opened by the swing blocking unit 
and the time for restoring the readiness to repeat the operation of the blocking 
unit must be adjusted so that this repeated operation can take place only after 
the tie line is automatically reclosed. 


The devices which start the protection system when backward-sequence, currents and 
voltages appear are connected to the instrument transformers via the backward-sequence 
current and voltage filters. Let us consider the operation of a resistance-capacitance filter 
or backward-sequence voltages, which are often delivered together with the blocking unit. 


C 





Fig. 4-44. Resistance-capacitance filter for backward-sequence voltage 


(a) circuit diagram; (b) potential diagram when forward-sequence voltage is applied to 
filter; (c) same, when backward-sequence voltage is applied to filter 


For the diagram of the filter see Fig. 4-44. In order to make;the potentials at points 
m and n equal and prevent the relay connected to these points from responding to the zero- 
and forward-sequence voltages, the filter is connected to the interphase voltages and the 
arm ratios are as follows 





i 3 4 , ; 
Ri: ze=rcz} R= v re) (4-29) 
The mentioned ratios are obtainable directly from the diagram in Fig. 4-44). 
A voltage proportional to the backward-sequence potential appears across the terminals 
m and n with any type of short circuit. 
A symmetric short circuit causes sudden changes in the values of currents and voltages. 
Owing to the inductance of electrical circuits free currents and voltages which are superim- 
posed upon the induced currents and voltages appear in the power system. 
The initial values of free currents are 


ifa = — isca ) 
ifb= —iscb ? (4-30) 
if c= — isce 
If a dead (metal-to-metal) short-circuit occurs where 
Uge a = Use b= Use e= 0 (4-31) 
10* 
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then the voltages appear 
ufa=Upha ) 
uf b= u ph b f (4-32) 
Uf c= Uphce 
In expressions (4-30) to (4-32) i,, and up, are instantaneous values of short-circuit current 
and phase voltage under prefault conditions. 
Figure 4-45 illustrates how the free currents and voltages vary in time from the instant 


the fault occurs. The current and voltage systems are considered peel: The diagram 
in Fig. 4-45a corresponds to the short-circuit instant at which the A phase current amplitude 
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Fig. 4-45. Free currents, voltages and backward-sequence components on secon- 
dary sides of instrument transformers during symmetric three-phase short cir- 
cuit in power system 


is at its maximum. Figure 4-45c shows a short circuit arising at the instant the A phase 
current amplitude is at 0. Analogous diagrams for the voltages are shown in Fig. 4-45b, d. 

The system of free currents and voltages at the instant they arise is asymmetric and 
a surge of voltages occurs at the output of the backward-sequence filter. The induced 
currents and voltages with a three-phase short circuit are symmetric. Therefore they will 
cause no emf at the output of the backward-sequence filter and may be neglected, except 
for their effect on unbalance currents. 

The initial value of free current and voltage at backward sequence can be easily determ- 
ined 

Ig=0.5t¢ a =0.5Isc. m (Fig. 445a) 


ze if p= 0.5] ec. m (Fig. 4-45c) 
V3 
, > (4-33) 
U =0.5uf g=0.5U ph. m (Fig. 4-45b) 


4 ‘ 
= uf a =0.5U on. (Fig. 4-45d) 
V3 Í ph.m 


‘where Is... and Uph.m are the maximum amplitude values of the current and voltage. 


I= 





U, = 
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When a short-circuit occurs at a certain distant point K on the busbars of a supplying 
substation G the residual voltage is not equal to zero. Therefore, a backward-sequence voltage 
appears in this event at the beginning of a symmetric short circuit 


US =0.5 (U ph. m—1 2 9 21GK) (4-34) 


where [‘3),, ,, = three-phase short-circuit current from point G to point K 
Zick = forward-sequence impedance from point G to point K 

When a symmetric three-phase short circuit occurs a voltage appears at the output of 
the resistance-capacitance filter for a short length of time, this is due to the discharge of 
the capacitors and different time constants of the filter arm circuits. 

Let us find out which voltages appear across the m and n filter terminals (Fig. 4-44) 
at the instant the three phases are simultaneously closed at the input. Connected to these 
terminals is the starting relay blocking against swings and overloads. The value of the 
voltage across the m and n terminals is determined from the analysis of the transient process 
ae place when capacitors C, and C, discharge into resistors R, and R, and the relay 
coil. 

To simplify the analysis, assume that the relay resistance is infinite in value, i.e., the 
secondary terminals of the filter are open. 

Pa p tages across the capacitors C, and C, under the prefault conditions are determined 
as follows 





Uci= 5 Vane 10 (4-35) 
Ucg= a Ucpe 530 (4-36) 


_ The voltage across the open terminals of the filter is determined by the value of the 
projection of the vector sum of the voltages Uc, and Ug, on the axis of ordinates 


Uma = + Ua pe-i0 + ve Uc geio 


Ù mn = 0.567160 (Uap + 3 Ùc peti) (4-37) 


where Uia PER and Ues are the effective values of voltages 
In time ¢ the instantaneous values of the voltage across the filter terminals 


t -4#/T -t/T 
us) = Uc t=0)? I Ucat=0)° II (4-38) 
where Tı and Ty; = time constants of circuits I and II 


Uca(t=0) and uc(t=—0) = instantaneous values of the voltages across the capacitors at the 
instant a short circuit occurs 
The constant 71 is 





Tr=C,Ry (4-39) 
where 
_ 1 
A OTci 


Since R; : zC} = V3:5- V3: 4, then 
to = RAV 3, consequently 
r= 2V3 = V3 ~ 0.0055 


2 


oR, 
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The constant Tirry is 





TII = CRo (4-40) 
where 
Co = í 
OTC 
Since 
Ry: z=% : Ve as : V3, then 
tc2=V 3 Ra, consequently 
Ty= 4 Rz i 0.00185 


Shown in Fig. 4-46 are;the curves illustrating how the voltages across the m and n term- 
inals decay with time.’ Even in the case of the most unfavourable phase combinations of 





Umn 


Fig. 4-46. Voltage variation across secondary terminals of filter (Fig. 4-44) 
*twith three-phase short circuit at primary terminals 


(2) Uc (to) = ® (0) Uci a= =% © Umn =p = 9 


voltage vectors during a short circuit, when the initial value of U,,, is null (Fig. 4-45c), 
after some time a voltage about 16 per cent of the interphase voltage amplitude appears across 
the filter terminals. 
To improve the sensitivity, use may be made of two voltage filters, one connected to 
hases A, B, and C and the other to phases B, C, and A or C, A and B. If the phase com- 
ina'ion is unfavourable for the first filter, then for the second filter the minimum value 


of the initial voltage U,,, will be 13/2 of the interphase voltage amplitude. 


In a number of cases it is possible to discriminate against the currents appea- 
ring in asynchronous operation even without the use of blocking devices made 
for the purpose. For example, a current cutout will not respond to asynchronous 
operation currents if its setting 


Lop > ksIm. a.o (4-41) 


where k, = safety factor equal to 1.1 to 1.2- 
Im.a.o = Maximum current of asynchronous operation when the emf vectors 
are 180 degrees apart 
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The underimpedance protection will not respond to the currents and vol- 
tages of asynchronous operation if its setting 
Zop < 216K (4-42) 
where Zigg is the forward-sequence impedance from the relay location to the 
electric centre of the system. 

Desensitization of protection operation at swings and asynchronous ope- 
Tation is obtained also by the use of special starting elements which in conjunc- 
tion with the swing blocking device lessen , 
the likelihood of protection misoperation in JF 
case of short circuits during swinging or 
prolonged asynchronous operation and also 
at heavy load current flowing in the circuit 
of the equipment under protection. 

Special starting elements of protection 
with reduced response to currents arising 
due to overloads, synchronous swings and 
asynchronous operation. As starting ele- 
ments reducing the protection sensitivity 
to load currents and currents from synchro- 
nous swings and asynchronous operation, 
use may be made of relays or other devices 
which limit (on the complex plane) the 
working protection area near the characte- 
ristic of the line under protection. Fig. 4-47. Impedance relay character- 

The directional impedance relay is most istics plotted as R- and jz-axes values 
commonly used for this purpose. The z — action zone of directional impedance 
working characteristic of this relay plotted De cee ot Sterna inte having 
as R- and jz-axis values is given in Fig. 4-47. impedance z); 4 — characteristic of direc- 
The working area (circle 7) is relatively MODAL DOVE aay 
small in size. By way of comparison the 
figure shows the operating zone of an impedance relay (circle 2) pos- 
sessing the same sensitivity to short circuits on protected line 3 as the direc- 
tional impedance relay. Straight line 4 shows the operating characteristic of 
a power direction relay which is usually used in conjunction with the impedance 
relay. 

Directional relays of any type satisfy the condition 


M, = ki? 
M,=k,Uk,I cos (p — a) 


where M, and M, are the braking and operating torques on the relay. 
When in balance, neglecting the friction and spring effect 


kiU? = k,Uk,I cos (p — a) 





(4-43) 


or 
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i.e. 
Z = Zpich-up COS (P — a) (4-44) 


where J = current in the current circuit of the relay 
U = voltage at the relay location 
a = internal shift angle of the relay 
@ = angle between current and voltage 
Zpick-up = Operating setting of the relay 

k, and k, = proportionality factors 

Expression (4-44) represents the equation of a circle having diameter Zpicr-up. 
The internal angle of the relay (a) is generally chosen equal to the full impe- 
dance angle (~; = 60 to 85°) of the transmission line under protection. 

The operating region of the relaying protection near the characteristic of 
the line being protected can be narrowed also by phase limiters. The contacts 





Fig. 4-48. Characteristics of phase limiters 


(a) operating area of two directional impedance relays with different internal angles and 

series-connected contacis; (b) same, for two impedance relays with straight-line characte- 

ristics and a directional impedance relay; (c) same, for two directional power relays and 

a directional impedance relay (1, 2 — characteristics of phase limiters; 8 — characteristics 
of protected line having impedance z) 


of the phase limiters are connected in series with the contacts of the main pro- 
tection. If two directional impedance relays with different internal angles 
(Fig. 4-48a) are used as the phase limiters the working area of joint operation 
is determined by the shaded area. The function of phase limiters can be also 
performed by impedance relays having an inclined straight-line characteristics 
or directional relays (Fig. 4-48b and c). 

Impedance relays with inclined straight-line characteristics may be of various 
types provided the following conditions are met 


Ma = kiU kaf cos (9 +æ) ) 


Mo = KI (4-45) 
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When in balance 
kiU k1 cos (4 + a) = kel? 
or 


> cos (9+ &) = = const 


i.e. 
z COS (P+ &) = Zpick-up (4-46) 


The pick-up setting is so selected that straight-line 2 is parallel to straight- 
line 3 and spaced from it at a distance 


Zpich-up = Ra Sin Gy (4-47) 


where A, = arc resistance 
~, = angle of the line impedance 

Directional relays are far simpler than the impedance relays, for which rea- 
son they are often used for making phase limiters. 

In discrimination against load currents only one phase limiter is acceptable 
to prevent misoperation of the protection at small load angles, say, of less 
than 30 degrees. 

Figure 4-49 is an example of connecting a phase limiter. It is supposed that 
the impedance of the first and second protection regions is far less than that 
of the load, and that the impedance of the third region is commensurate with 
it. The circuit of the first region of distance protection is controlled by the 
contact S-I of the swing blocking unit. This contact closes, with asymmetry 
in the electrical quantities at the instant a short circuit occurs, for a period 
sufficient (0.2-0.3 s) to permit functioning of the protection. The circuit of 
the second region of distance protection whose operating time is 0.4 s and more 
is controlled by the contact 7A R-2 of the auxiliary relay. 

The relay ZAR picks up, if a fault occurs in the second protection region 
and the contact S-2 of the swing blocking unit closes simultaneously with the 
contact 2/ of the impedance measurement element of the second region. The 
circuit 27 — JAR-1 holds the relay ZAR closed until the contacts 27 open. 
In the case of repeated closure of the contact 2I owing to swings or loss of syn- 
chronism the relay 7AR picks up no more as the S-2 contacts remain open. 

The circuit of the third region of distance protection has a time delay of 1s 
or more and is controlled by the 2A R-2 contact of the auxiliary relay. Since 
the pick-up impedance of the third region is commensurate with the load impe- 
dance, the relay 2AR picks up, provided the circuit is completed by the con- 
tact of the phase limiter PL or by the contact of backward-sequence current 
(voltage) relay J, (U,), i.e., with a short circuit. In this instance the coil of 
the relay 2A R is closed by the contact of the relay 3J in a way similar to that 
when closing the relay JAR by the impedance measurement element 2I of the 
second region described above. When a phase limiter PZ is fitted to each pro- 
tection phase, the PZ contact need not be by-passed by the J, (U) contact. 
This adds to the perfect operation of the third region. 
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If the function of the phase limiter is performed by a directional power 
relay of the cosine type responsive to the power of P = UI cos ọ (U and I 
are voltage and current applied to the relay; @ is the angle between the current 
and voltage vectors), the coils of the power relay may be connected to the cur- 
rent of phase A and voltage of phase B. Here operation of the third region of 
distance protection will be possible if the current lags the same phase voltage 


Circuit of 3rd region + bs JAR A 





of 2nd region 








of Ist region 


—— 
Ca 3L 5-3 


IAR-2 





Fig. 4-49. Connection of phase limiter, swing and over- Fig. 4-50. Composite (shaped) 
load blocking circuit for three-stage distance protection characteristics of directional im- 


S — swing blocking contact; 21 end aI = contacts of elements pedance relay 
measuring impedances o e second and third regions of distance _ i 
protection; 7AR and 2AR — auxiliary relays, PL — contacts Jin, enara GATTE or a. 
-of phase limiter; Z, (U,) — contacts of backward-sequence .eristic™™ 

current (voltage) relay! _ = 


by an angle not greater than 30 degrees or if there are unbalanced electrical 
quantities. Such conditions result from short circuits and are not present with 
balanced overloads. 


The use of semiconductor devices in relaying protection and automatic 
control engineering has made it possible to design a distance protection star- 
ting element with a shaped characteristic (Fig. 4-50)(4-8). This element com- 
bines in one apparatus a relay which functions in conformity with direction 
and phase limiters. It has a limited working area on the complex plane. 


The use of devices responding to backward-sequence components at a widely unbalan- 
ced load, presence of upper-harmonic components in current and voltage and at large fre- 
quency variations in the power system. In recent years a.c. single-phase electric traction 
finds wide applications. Nonuniform loading of separate phases in a three-phase supply 
circuit manifests itself mainly in unbranched long electrical circuits with intermediate trac- 
tion substations. The largest load variations occur when electric locomotives pulling heavy 
trains start to move. 

In the absence of short circuits, unbalanced loads cause backward-sequence components 
of the electrical quantities accepted by the filter and the result may be an undesired start 
of the devices responding to ihe current or voltage backward-sequence components. To 
ensure proper ae of such devices with large load current variations, several methods 
have been developed. 

First method. Operation of the blocking devices responding to the appearance of backward- 
sequence components of the electrical quantities is permitted only upon operation of the 
starting elements of the protection being blocked, which function from a drop in the imped- 
ance or in the interphase voltage (or forward sequence). The operation of such elements 





Fig. 4-54. Starting circuit of devices responding to backward-sequence compo- 
nents with prohibition when blocked protection is inoperative 


(a) with polarized relay; (b) with instantaneous relay; (c) with time reset; K — high-speed 
relay contact closed when protection is inoperative 





Fig, 4°52. Connection of output relay responding to backward-sequence com- 
ponents, with interphase or forward-sequence voltage braking 
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and the appearance of backward-sequence components are characteristic of a short circuit. No 
simultaneous operation of these devices (i.e., appearance of two qualities) takes place in 
the case of asymmetry due to unbalanced phase loading, unless there is a short circuit. 

The schematic diagrams are shown in Figs. 4-51 and 4-52. 

Figure 4-53 illustrates a circuit with interphase voltage braking. For curves showing 
the pick-up voltage versus the braking voltage value see Fig. 4-54. 

Second method. In practice the unwanted operation of devices responding to backward- 
sequence components in networks supplying electric traction systems can be prevented 
in most cases by the use of an upper (mainly the fifth) harmonic filter at the output of the 
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Fig. 4-53. Blocking circuit with voltage braking based on relay KPB-121 (auxi- 
liary circuits are contained within the dashed line) 

RC — relay contact to completely remove voltage braking; BC and OC — braking and 

operating coils of output polarized relay (w oc=8:800 turns of II9JI-0.1 wire; R=730 Ohm; 

Waco = 4,200 turns ofgII9JI-0.1 wire; R = 600 Ohm); DT— decoupling transformer (w, = 


= 3,000 turns of IT9JI-0.15 wire; w, = 300 turns of II9JI-0.2 wire; taps from the 135th 
and 212nd turns) 


backward-sequence filter (Fig. 4-55). These harmonics appear in the primary current and 
voltage due to the influence of rectifying units installed at the stationary step-down substa- 
tions (like those for d.c. electric. traction, on electrical locomotives, or in workshops). 

An upper harmonics filter at the output of the backward-sequence filter adds to the sen- 
sitivity of the swing blocking device as it decreases the unbalanced currents and voltages 
at the output of the backward-sequence filters. The unbalanced currents and voltages occur 
due to disturbances to the sinusoidal nature of the circuit. 

Third method. This makes it possible to reduce the unbalanced load influence on the 
operation of the blocking devices responding to the appearance of backward-sequence electr- 
ical quantities and the starting relay to be connected to the backward-sequence filter via 
a differentiating network. In this case the starting element of the blocking device responds 
to the rate of changes in the absolute values of the backward-sequence electrical quantities. 
Under short-circuit conditions this rate is much different from that under the normal electric 
traction conditions. The method was proposed and developed at “Irkutskenergo” by engineer 
V.P. Kletskiy. At the All-Union Scientific Research Institute of Power Engineering and 
Electrification A.I. Leviush proposed that the starting element of the blocking device be 
connected through a unit responsive to the rate of changes in the spatial position of the vectors 
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of backward-sequence current or voltage. This feature answers better the changes in back- 
ward-sequence electrical quantities at short circuits from their normal [operating state. 


The use of devices responsive to the 
appearance of backward-sequence components 
with voltage braking or with prohibition 
when the starting elements of the main 
protection system are not operating elimina- 
tes unwanted actions at short circuits in 
the contact wire circuit using single-phase 
alternating current. At the beginning of the 
electric traction service such short circuits 
are frequent, which often causes operation of 
the ordinary blocking devices due to swings. 
The devices in question may also be applied 
to those parts of the power system with 
large-power hydroelectric stations which 
allow for an excessive increase in frequency 
when isolating transmission lines connecting 
the hydroelectric stations with the receiving 
part of the power system. The balanced com- 
ponents filters though having improved fre- 
quency characteristics lose their accuracy 
when the frequency increases to 53 Hz or 
more and may cause operation of the sens- 
ing unit with resultant malfunction of the 
usual type device. The use of voltage brak- 
ing or operation prohibition from the pro- 
tection starting elements eliminates this de- 
fect. In addition, it becomes possible to 
isolate surges from lightning arresters and 
switching operations on many sections of 
the power transmission system. 





80 V 100 


0 20 40 60 


Fig. 4-54. Braking characteristics of device 
employing circuit shown in Fig. 4-53 


With devices responding to backward-sequence currents braking by the current flowing 
in one of the phase conductors is sometimes used. The purpose of this type device is to 


ABC 








Fig. 4-55. 5th harmonic filter 


(a) connection of filter to distance protection circuit, 1 — filter of backward-sequence volt- 
age, 2 — filter of upper harmonics (reactance coil: w = 1,700 turns of TI9JI-0.35 mm 


wire; steel X BIT 


12 x 12 mm; 2-mm air gap; C = 0.5 pF; U;= 200 V); (b) coil form 


prevent the likelihood of misoperation due to asymmetry, caused by increased unbalanced 
currents in the instrument current transformers during asynchronous operation with a fai- 
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rly large equalizing current. Connected to the transformers is the backward-sequence filter. 

Unlike voltage braking, phase current braking desensitizes the performance of the start- 
ing element at short circuits, in particular at three-phase faults at which backward-sequence 
components instantly appear. To improve the sensitivity of such devices and prevent their 
failure at three-phase short circuits, it is good practice to place an inertia element (a reac- 
tance coil, for instance) into the circuit of the coil braking the output relay and carrying 
the phase current. This element decreases or fully eliminates the braking effect during a short 
circuit and realizes it at swing currents smoothly varying in time. 





Fig. 4-56. A.C. circuits of device KPB-122 supplemented with R—C differen- 
tiating network 


To improve the response to three-phase short circuits of a blocking device which has 
phase current braking and responds to a backward-sequence current, it may be supplemented 


by the start from a unit responding to the rate of phase current change (Fig. 4-56) [4-9]. 


4-8. Conclusions 


4. Stable operation of power systems is feasible providing they are furnished 
with an assemblage of automatic devices that increase the transmitting capacity 
of tie lines, improve the stability of generators, prevent, localize and clear 
emergencies. 

2. To increase parallel operation stability of synchronous generators, apart 
from the use of automatic excitation controls, the rapid clearing of short cir- 
cuits, quick unloading of the tie lines and emergency deceleration of the gene- 
rators are also highly important. 

3. Rapid unloading of the tie lines is best accomplished by automatically 
tripping the generators at the generating station (in particular at a hydroelec- 
tric station). The number of machines being disconnected is dependent upon 
the fault severity and the prefault and afterfault operation. 

4. Automatic devices allowing the generating station to be unloaded without 
tripping the generators are in wide use. Classed with these devices are units 
regulating and limiting power flows and devices rapidly decelerating (rapid 
unloading) steam turbines. 

5. Unloading the tie lines by disconnecting the consumers at the receiving 
part of the power system is permitted for a limited number of consumers who 
allow for short-time interruptions to the power supply. 

6. The elements revealing the nature of a fault may be different combina- 
tions of current, voltage, impedance and power relays. 
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7. Remote tripping devices are used to quickly transfer the information 
about a fault from distant substations to the sending or receiving ends. 

The operating time of the high-speed remote tripping system ranges from 
three to four cycles (periods). 

8. To prevent prolonged asynchronous operation, use is made of automatic 
sectionalizing devices. Various designs are available. 

9. The function of certain relaying protection devices is to ensure the desired 
speed of clearing short circuits and allow no misoperations during synchronous 
swings and overloads. Appropriate systems of blocking and starting elements 
are developed in the USSR which prevent malfunctions of the protection system. 

10. Automatic sectionalizing devices responding to increased frequency 
are used to isolate thermal power stations from powerful hydroelectric ones in 
the case of a sudden frequency increasejat the hydroelectric stations after dis- 
connection of the tie lines from the power receiving system. These automatic 
devices are very important as they prevent damage to the thermal unit (the 
turbine and generator) when the. generator starts motoring with resultant over- 
speeding. 


4-9. Review Questions 


1. Using equation (4-13), determine the time taken to trip a three-phase short circuit. 
on a line running directly from the tie link between a power station and a power system 
when the relative angle between the emf vectors of the power station and system is increased 
by not more than 60 degrees relative to the emal value. 

Make the calculations by supposing that the output of the power station is 70 per cent 
of the nominal output and with a three-phase short circuit after this power is thrown off, 
the generator rotors uniformly accelerate. The inertia constant of the generator-turbine 
units T;, is 10 s. The power of the power system is infinitely greater than the power of the 
station. 

Solution. The tripping time equals 

9,000 


60= -ig 07 hence ¢=0.31 s 


2. Why is the rapid clearing of short circuits considered as a means of improving the 
transient stability of a power system? 

3. Why, from the point of view of maintaining the stability of the generators operating 
in parallel, do three-phase short circuits require more rapid clearing than single-phase faults? 

4. Describe the principles underlying the detecting elements of the devices responding 
to the value of angle 5 between the emf vectors of generators operating in parallel. 

5. Describe the principles underlying deceleration of steam turbines by short-time inter- 
ruption in the steam admission to the turbine. 

6. What is the purpose of the quick-acting distance tripping among the measures to 
improve the stability of power systems operating in parallel? 

7. What are the principles underlying the quick-acting distance tripped devices? 

8. Explain why a slowly operating protection under asynchronous conditions may fail 
to clear a short circuit. 

9. Describe the electric centre of a power system. How do the electrical quantities change 
at the electric centre when the stability is disturbed? 

10. How is the maximum equalizing current in a transmission line between a generating 
station and a power system determined? 

41. What are the operating principles of phase limiters and how are they made? How 
is the arc resistance accounted for in the operating characteristic of a phase limiter? 
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12. What are the principles underlying the blocking devices preventing the operation 
of relaying devices protecting against load currents and loss of synchronism (the operating 
principle of the swing blocking devices)? 

43. What are the principles and the areas of application of devices used for automatic 
division of a power system into balanced load sections to prevent loss of synchronism? 

14. What are the principles of automatic sectionalizing devices responding to asynchro- 
nous operation and not to short circuits? 

15. What are the principles of joint operation of automatic sectionalizing devices res- 
ponding to asynchronous operation with automatic reclosure devices? 

16. What is the purpose of sectionalizing devices, employing an overfrequency relay, 
which are installed on the tie link between thermal power and hydroelectric stations? 


Chapter Five 


AUTOMATIC FREQUENCY CONTROL 


o-{. Purpose and Specific Features of Automatic 
Frequency Control (AFC) 


Under steady-state conditions in a power system the power output of the 
generators (P,) is always equal to the power consumed by the loads (P,) 


P, = P, (5-1) 
Any failure to meet conditions (5-1), i.e., in the case of a deficiency in the 
generated power (due to, for example, switching out some of the generators) or 


the excess in the power (caused by the tripping of some loads) may bring about 
unbalance between the powers being generated and consumed 


AP=P,—P} (5-2) 


This unbalance affects the speed of all the machines in the power system 
(generators and motors), it becomes less with a negative value of AP or more 
with a positive value of AP. 

Maintenance of the nominal frequency is assured by frequency and power 
regulators which act on the water (or steam) inlet to the turbines, thus effec- 
ting condition (5-1) in conformity with the adopted regulation procedure. 

By means of the frequency and power regulators the active power deficit 
may be eliminated when there is a mobile “hot” energy reserve available, i.e., 
if before the fault the generator turbines were not completely loaded and their 
speed governors do not limit the admission of steam or water. If such power 
reserve is not available the resultant deficit AP causes the machines to dece- 
lerate. 

With lowered rotational speed, i.e., with a decreased frequency, the initial 
power deficit also decreases, since the output and power demands of the mecha- 
nisms decrease. For example, the output of blowers is proportional to the square 
of the frequency and the output of a number of pumps, to the third power of 
the frequency. The frequency reducing process continues until AP becomes zero, 
i.e., until at the new attained (final) frequency f;;, the generator oul put Pg fyin 
equals the power consumed by the loads (P: fin) 


Where no power reserve is available, the magnitude by which the frequency 
is reduced 


Afat = fin —frin (5-3) 
and the initial power deficit AP has the following relationship 
AP % = KA fan % (5-4) 


11—01513 
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where 
Py—P, 
AP % = — 100 (5-5) 
and 
Afar: % = Hatin. 100 (5-6) 


The symbol K is called the load frequency regulating effect. It characte- 
rizes the changes in the power drawn by the consumers including the losses in 
the supply circuits caused by frequency variations in the power system. The 
value of the coefficient K is dependent on the load parameters and the voltage 
drop in the power system units as the frequency lowers. The K value also varies 
with the time of day, it is different on working days and holidays and depends 
upon the yearly seasons. Tests show that the value of the coefficient K ranges 
from 4 to 3.5. Its mean value is 2 to 2.5. 

From the relationship (5-4) it is possible to determine the value the frc- 
quency will attain with a power deficit of AP%, when f;, = 50 Hz and K = 2 


l AP % ; 
‘Afan Hz = 0.5 5 = 0.25 (AP %) (5-7) 


The frequency changes from the f;, value to the f;;, value gradually, rather 
than instantaneously, at a certain time constant dictated by the inertia of the 
rotating mass of the power system (parts of the turbines, generators, motors 
and mechanisms) and by the regulating effect K of the load. 

The frequency varies in time approximately exponentially. When the fre- 
quency decreases from f, to f, 


fom fp —Afan be") (9-8) 


and when the frequency (until the frequency and power regulators start operating) 
increases from f, to f 


fo= fit Afat (4 — e7") (5-9) 
Thus 
Afi = + Afan (1—e7 7) (5-10) 
The time constant T; can be roughly determined by the expression 
PT sys. iner 4. 
T; 7X RE (5-11) 


where Tsys.iner 18 the inertia constant of the power system. 

Since the Tsys.iner equals 10 to 16 s, Tẹ; is about 5 to 8 s. Smaller values of 
T sys.iner correspond to parts of the power system where power units rated at 
200-300 MW and greater preponderate. 

Power system operation at a lower frequency than that specified by the 
State Standard [5-1] affects the quality of power supply and is not allowed 
because of the following: 
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(a) When operating at frequencies below 49.5 Hz, some types of steam tur- 
bines undergo excessive vibration in certain turbine rotor stages with resultant 
metal fatigue and blade failures. 

(b) When the frequency falls below 49 Hz, the turbine regulating devices 
fully open and the generating units become completely loaded. A further de- 
crease in frequency reduces the efficiency of the auxiliary mechanisms at ther- 
mal power stations, especially feed pumps. The result in the case of prolonged 
operation at a lowered frequency is a drop in the generated output and a further 
loss of power. The decrease in power system frequency may assume an avalan- 
che nature which can stop the power stations for a prolonged outage. 

(c) As the frequency decreases, the generator exciters lose their speed and 
the generator emf falls, the voltage in the power system units drops. This brings 
the danger of a “voltage avalanche” and disconnection of the consumers. 

A frequency avalanche drop aggravated by a voltage avalanche drop causes 
a grave breakdown in the power system and a complete stoppage of the paralleled 
stations or division of the power system into separately operating sections with 
interruptions to the power supply of many consumers. 

The function of the automatic frequency control (AFC) is to prevent the 
power system frequency from approaching a critical value, when a loss of active 
power occurs, by disconnecting part of the loads thereby keeping the power 
stations and their auxiliaries operative. In this case the power supply to the 
majority of consumers suffers no interruption and the supply to the disconnected 
loads can be restored within a fairly short period of time. 

When the automatic frequency control is not available or insufficient, the 
consumers will be disconnected as well. However, due to stoppage of the power 
stations and loss of their auxiliary services, the restoration of power to the 
consumers will take much time. Disconnection of the consumers is accomplished 
by the AFC devices so that the frequency never drops below 45 Hz, operation 
at a frequency less than 47 Hz does not exceed 20 s and at 48.5 Hz, 50 sl5-21. 

Moreover, AFC must be designed so that no unnecessary tripping (overre- 
gulation) occurs and after the action of AFC frequency does not exceed the rated 
value of 50 Hz. After the AFC device has operated, the frequency may be some- 
what below the rated value, i.e., within 49.0 to 49.5 Hz and it is raised to the 
rated value by the operator. 

If during frequency transition from fin to fi, which is caused by a loss in 
active power, a group of AFC devices operating at the f, setting (Fig. 5-1) 
disconnect the load P, to be tripped first, the initial value of the power loss 
will decrease and become equal to 


AP,=AP—P, (5-42) 
The new final value of frequency corresponds to AP, 
fi tin=fin— Afi att (5-43). 


where 
0 
AF, att = 0.5 SF f Hz 


(the initial frequency fin is supposed to be 50 Hz). 
41* 
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After point a (Fig. 5-1) the frequency follows curve 2 rather than curve 7. 
The equation of curve 2 may be approximately written as 


fad== fa— (fa— fi pin) 4—e 7) (5-14) 


If at the frequency f, another group of the AFC devices operates, the power 
loss will decrease again. The process of further frequency changing proceeds 
similarly. If after operation of the AFC devices the generated power exceeds 





Fig. 5-1. Frequency changes with power deficit and after it is eliminated by 
AFC devices 


the power drawn by the load remaining in operation the power system fre- 
quency will begin to increase. If such a process occurs at the instant correspond- 
ing to point b after the operation of an AFC group, the final frequency value 
of fe jin Will exceed the frequency fẹ and the power system frequency will start 
to restore itself (curve 3). 

The approximate equation of curve 3 is 


foc = fo + (fe tin — fo) (L—e 78) (5-15) 


The frequency time variation during the operation of the AFC devices can 
be found by using the approximate value of expression (5-10). 
Since in the region of small values of ¢ 


e/Ty a (1 —t/T}) (5-16) 
expression (5-10) may be presented in the form 
t 
Afi + (Afar 7 ) (5-17) 
(the minus sign stands for a decrease in the frequency and the plus sign, for an 


increase). 

Hence, when plotting the relation f = ọ (t), straight lines may be substitu- 
ted for the curve sections (Fig. 5-2). The greater the number of AFC groups 
and the more rapidly their function, the less the error. 

The letters, a, b and c in Fig. 5-2 stand for the characteristic points of the 
frequency changing process in time which are obtained by rough plotting. 
The points marked a’, b’ and c’ are plotted more accurately with the use of re- 
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lationship (5-40). This accounts for the fact that the decay of the exponent 
determining the law of frequency time variation takes place when t = 3T}. 

The AFC devices came into use in the USSR more than 25 years ago, when 
many of the Soviet power systems operated separately. In the first period the 
power systems were short of relaying equipment but at that particular time the 


ST a ele aye es 
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Fig. 5-2. Frequency changes in the case of power deficit (approximate plotting) 


AFC devices were given priority in order to avoid serious faults. The AFC 
devices had to be used economically, and small quantities were used to selectiv- 
ely control large power loads. 

With such frequency control, excessive power to the consumers has often 
been switched off or insufficient disconnection took place when the frequency 
was held at a value of 47.0 to 47.5 Hz. Later the basic groups of AFC devices 
were supplemented with others to prevent the frequency holding. This some- 
what improved the service, but the faults were not completely eliminated. 


5-2. Modern Principles of AFC 


Modern integrated high-power systems with long extension lines are par- 
ticularly noted for a great variety of possible emergencies. A deficit in generated 
power may occur in one small area, effect a group of power systems, involve 
all the power systems, etc. It may differ in the initial value, in its area of spread 
and in dynamics of progress. It is necessary to consider the demands according 
to season, days (working days, days off and holidays), the time of day and 
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repair work. Thus, in the case of an integrated powered system the task of 
determining the maximum rated power deficiency becomes, to a great extent, 
a probability problem. 

The following formulates the principles of the modern AFC: 

1. The AFC system must eliminate all of the many possible faults regardless 
of the real power loss, its spread over the system and its growth rate. 

2. Amount of the load being tripped must always be close to the power loss, 
i.e., the AFC device must adjust itself to this value. 

For the AFC design principles see referencesl5-?. 5-3], 

There are three categories of frequency control: 

1st category, AFC-I is a high-speed control having different frequency 
settings. It is designed to hold up the frequency decrease. 

2nd category, AFC-II has a common frequency setting and different time 
settings. It is used to raise the frequency after operation of AFC-I, and also 
to prevent frequency holding and slow frequency loss, when the generated 
power is slowly reduced in an emergency. 

3rd category, an auxiliary one which provides, when possible, selective 
operation. It is designed to facilitate the load tripping and increase its volume 
at heavy reductions (45% and more) in generated power caused by separating 
an area from the main supply sources. 

The frequency setting of the AFC-I groups ranges from 48.5 to 46.9 Hz. 
Operation of the groups is almost uniformly distributed within this range, 
the minimum frequency steps being 0.1 Hz (as dictated by the accuracy of the 
instruments used for adjustment of the frequency relays such as measuring 
instruments and frequency oscillators). 

The time settings of the AFC-I devices must be as small as practicable. 
Their value is determined by the requirements to prevent malfunction during 
transient processes in the voltage circuits in case of deenergizing. The operating 
time of the AFC-I devices with relays ABU-011 and ABY-3 is 0.25 to 0.5 s and 
with transistorized relays PU-1, 0.1 to 0.15 s. All the groups of the AFC-IT 
devices have the same operating frequency of 48.5 Hz, but their time settings 
vary with various units from 5 to 40 s and may run up to 90 s in power systems 
including hydroelectric stations which may be mobilized in the case of a break- 
down affecting the frequency. Adjacent groups of the AFC-II devices operate 
at 3 to Os time intervals. 

When the number of AFC-I and AFC-II operating groups is large (10 to 
20 groups in each frequency control category) with small frequency operating 
steps (the AFC-I units) and small operating time intervals (the AFC-II units), 
the operation of adjacent groups may not be selective because of relay setting 
scatter. 

The power capacity of loads connected to the AFC-I devices in each area 
of a power system of the power pool must be equal to the maximum value 
AP max Of the power loss being determined by considering possible emergency 
Situations and taken with a certain margin 


Parc ksAPmax 
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The safety factor k, is taken as 1.05 owing to the stochastic character of the 
loss onset (when determining APmax the spinning reserve of thermal stations 
is not included, this also adds to the safety contained in the calculation), 

Connected to the AFC-II devices are loads the total power of which is not 
less than 0.4-0.5 of AParc-t. 

With both categories of frequency control, the connected power is distribu- 
ted among the operating groups of each category almost uniformly, which with 
a large number of operating groups provides a flexible frequency control system 
without the risk of unwanted trippings. When distributing the loads between 
the AFC groups, the importance of the load being connected must be taken 
into consideration. Loads of greater importance should be connected to the 
AFC-I groups having lower frequency settings and to the AFC-II groups with 
higher time settings. 

The further stage in the development of the AFC system is to match the opera- 
tion of both frequency control categories (AFC-I and AFC-JJ) for tripping the 
same loads; high- and low-speed starting of the AFC device is accomplished 
for tripping one and the same load. In this case the AFC-I groups having the 
lower frequency settings must be matched with the AFC-II groups more distant 
in time. In emergency situations such an AFC system arrangement ensures 
a better operating sequence of the frequency control groups with account of the 
importance of the loads being connected (this sequence may be disturbed when 
AFC-I and AFC-II are employed independently) and also decreases to some 
extent the AFC safety margin. 

With a large number of AFC devices, they are installed directly at the 
consumers. This makes the monitoring of the automatic control devices by the 
power system difficult. To provide an operating margin it is advisable to 
install additional sets of AFC units on the feed lines running from the power 
system substations to the user’s substations. 

When the stability is disturbed and the frequency of the receiving system 
decreases during continuous loss of synchronism, disconnection of part of the 
loads from the AFC system may facilitate resynchronization of the grid system 
part which lacks power. The design technique of AFC for resynchronization is 
dealt with in reference [5-2]. 

When disconnecting a system deficit in power from the grid powcr system 
the AFC function may facilitate the operation of the ARC devices with a syn- 
chronism seizure on the intersystem tie line. 

Auxiliary frequency contro] devices are used in the power system networks 
liable to heavy local power deficits resulting in a frequency drop to 45 Hz 
or less even after operation of AFC-I. This, as a rule, causes a large voltage 
drop, a circumstance should be taken into account when choosing the type 
of connection circuit for the frequency relay and the type of the relay. 

The following are recommended as criteria for the use of auxiliary frequency 
control devices: 

(a) Factors showing the appearance of local power deficit regardless of 
frequency change, i.e., tripping of a line or transformer with indication of the 
power flow and direction under the prefault conditions (or without the indica- 
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tion) and changes in the value of current or the value and direction of power 
flow in the line or transformer. 

(b) Frequency changing rate. 

(c) Drop in the forward-sequence voltage, if the loss of real power involves 
a considerable reactive power loss. 

The frequency contro] must be as quick as practicable, the voltage control 
operation of the AFC system must be isolated against the duration of short 
circuits being cleared by the protective relaying system. 

The use of automatic sectionalizing frequency-responsive controls employed 
as stand-by equipment for an auxiliary frequency control device or substituted 
for it is important. These controls separate some generators of the power sta- 
tion to supply its auxiliaries and isolate generators and individual stations 
carrying a roughly balanced load 5-5, 

The automatic sectionalizing controls maintaining supply to the auxiliaries 
of thermal stations utilize two starting elements: one functions at 45 Hz within 
0.5 s and the other at 47 Hz within 30 to 40 s. The automatic sectionalizing 
controls holding power supply to the most important consumers may have 
a frequency setting ranging from 46.5 to 47.5 Hz and an operating time of 1 s 
or less. If this is the case, their operation may not be selective relative to the 
AFC devices of the power system. 

When the AFC devices are used it must be remembered that the frequency 
relays may respond not only to drops in the frequency due to a lack of power, 
but also to a number of other causes outlined below. An effective way of mitiga- 
ting the effects produced by misoperation of the AFC devices is given by the 
use of an automatic load reclosure device which operates after restoring the 
frequency. Therefore the AFC devices must be combined with the frequency 
automatic load reclosure devices [5-?, 5-3], 

In addition to the above-described AFC principles, frequency control may 
be accomplished by other methods. Let us consider some of these techniques. 

AFC devices responsive to frequency change rate. Taking into account (5-4), 
expression (5-17) can be transformed into 


AP%=(4*) Kr, (5-18) 


It is seen from (5-18) and Fig. 5-2 that the rate at which the frequency 
changes at the beginning of disturbance is the criterion determining the relative 
value of the power loss. The higher the rate, the greater the relative value of 
power loss and the larger the load to be tripped. 

At the same time, with the same relative power loss (i.e., with the same 
frequency changing rate), loads that differ in absolute value are to be connected 
from the AFC device when faults occur in areas, power systems or power pools 
having different power ratings. In this connection, the settings of such an AFC 
system are selected with difficulty and the system cannot be made self-adjust- 
ing. The AFC system may be built with combined starting responding both 
to the absolute value and to the rate of frequency drop. 
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It is good practice to utilize the rate factor of frequency decrease to addi- 
tionally reduce the load in the areas where the frequency drop rate is far higher 
that at the power loss of the whole power system (see above). The rate factor 
of frequency decrease may be used also to fulfil AFC in small individual power 
systems. 

AFC devices with time delay dependent on frequency. The operating principle 
of this type frequency control is as follows |5-41, The AFC device picks up when 
the frequency drops to the pick-up setting. Starting from this moment, the 
pick-up settings of the frequency relay gradually increase with time. Thus, 
at heavy frequency drops which occur at a high rate and result from a heavy 
power loss, the AFC devices utilizing time-lag frequency relays will operate 
rapidly, i.e., like the AFC-I devices. When the power loss decreases, after 
tripping a part of the load and reducing the rate of frequency drop, the opera- 
ting time of the AFC devices rises. These devices automatically follow the pro- 
cess of frequency changing and operate as the AFC-II category. 

The AFC devices in which the time lag depends upon the frequency make 
it possible to accelerate the operation of the frequency control groups with 
an increase in the power loss and raise the frequency to values close to the 
rated. The use of time-lag frequency relays for arrangement of the AFC under 
consideration is yet outlined only in general terms. It is still required to devel- 
op appropriate equipment and techniques for choosing settings for such fre- 
quency controls and also to evaluate the compatibility of such a method with 
the AFC devices in service, etc. 

AFC devices with control high-speed computer. Equipping the power system 
control departments with high-speed electronic computers, the assignment of 
control functions to these computers and the introduction of an automated 
control system allow the electronic computers to be used for automatic fre- 
quency control. 

The power deficit may be determined by the computer according to the 
rate of the initial frequency change or by comparison of the generated and con- 
sumed powers in the given network of the power system. The computer may 
supply control pulses which trip certain consumers, change the AFC settings, 
etc., depending on the real power deficit, its location within the power system 
and the importance of consumers. Such an AFC system needs remote-control 
means. 


5-3. Short-Time Drops of Frequency 


Short-time drops in the terminal frequency of the measuring element emp- 
loyed by an AFC device may be due to the following reasons: 

(a) When the busbar frequency of receiving substations drops because of 
the busbars being deenergized (for example, in the operating cycle of ARC 
and ACS devices). This is because the synchronous and asynchronous motors 
continue rotating due to inertia and maintain the voltage for some time while 
the frequency gradually decreases. 
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(b) When the frequency decreases with a loss of synchronism or synchronous 
swings because of voltage pulsations at a frequency other than normal. 

(c) When the frequency decreases in a low-rated power system during 
short circuits as a result of an increase in active losses in the system elements. 

(d) When the frequency drops for a short time due to sluggish operation of 
the hydraulic turbine speed governor if a spinning reserve is available. 

Operation of the AFC devices at short-time drops of the frequency due to 
the above-mentioned causes is unwarranted even if the automatic load reclosure 
devices restore the power supply to the 
consumer. An interruption in the supp- 
ly may halt a production process. For 
this reason it is advisable to use the 
means which can prevent unwarranted 
operation of the AFC devices. This 
chapter considers some of these means. 

Changes in the frequency of voltage 
held by asynchronous and synchronous 
loads after the substation is deenergized. 


HAH 
ZEUE! kaan When a power supply line or power 
transformer is disconnected, the bus- 


60 8&0 100V bar voltage of the receiving substa- 
Fig. 5-3. Operating frequency of relay 


tion disappears, but not at once. 
MBY-011 versus voltage (experimental data) 
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Where asynchronous motors are used, 
the voltage drops to a value of 0.1 
to 0.15 of U,, in 1.0 to 1.5 s. The pro- 
cess is prolonged (self-excitation takes place) if there are parallel-connected 
banks of capacitors in service. Synchronous motors and capacitors may hold 
a voltage with a decreasing frequency for a longer time, during several 
seconds. 

Induction underfrequency relays MBU-011 and ABU-03 are ineffective 
when the voltage drops below 20-25 per cent of the rating (Fig. 5-3) and semi- 
conductor underfrequency relays PYU-I, below 5 to 10 per cent of the nominal 
value. 

Under the conditions being considered several methods may be used to 
prevent unwanted operation of the AFC devices: 

1. The substation loads may be connected to the AFC-II devices having 
a considerable operating time which exceeds the voltage decay time without 
using AFC-I devices. 

2. The feed lines may be furnished with a device which blocks the AFC 
units with the aid of active power or current relays that break the operational 
circuit of the AFC unit after the line is disconnected and no load current flows 
in it. The use of a current relay is permitted if the minimum load current in 
the line exceeds the short-circuit current generated by the load when a short 
circuit occurs on the line near the busbars of the receiving substation. 

Changes in the frequency during loss of synchronism. When a power system 
is pulled out of synchronism the frequency of the voltages at various parts of 
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the system becomes different. The areas lacking active power have the lowest 
frequency; areas with excess power have the highest frequency. As already 


mentioned, the AFC devices operating 
with a power deficit facilitate resynchro- 
nization. At the same time resynchroniza- 
tion may occur in certain cases without 
operation of AFC devices. Under such 
conditions, disconnection of loads by the 
AFC devices may prove to be unnece- 
ssary. Operation of an AFC device is not 
recommended when, in order to elimi- 
nate the loss of synchronism, the power 
system is quickly divided into sections 
with equal power balance between gene- 
ration and load. Prolonged asynchronous 
operation when equalizing currents are 
flowing may also cause additional losses 
of real power and increase the number 
of loads tripped by the AFC devices. 

The operation of AFC devices under 
asynchronous conditions is analyzed in 
special literaturel5-6, 5-7], 

Let the power system M (Fig. 5-4a), 
whose emf 


Exy=En max sin 2ft (5-19) 


be out of synchronism relative to the 
station N whose emf 


Ey = Ey max Sin 2nfot (5-20) 


The relationship between the system 


Fy M N Ey 





Fig. 5-4. Frequency variation in asyn- 
chronous operation 


(a) elementary circuit; (b) electric centre volt- 

age in asynchronous. operation; Jf —- carrier 

voltage, 2 — envelope of voltage instantane- 
ous peaks 


and station frequencies is as follows 


f< fi 
The voltage at arbitrary point P 
Up= bg PE (5-21) 
where J,, is the equalizing current 
ESE 
I n = MIN 5- 
aa İIMN (9-22) 


Thus 
Up= Em— (Eu — Ey) = 





(1—22) Eut MP Èy (5-23) 


TMN TMN 


Generally, determining Up = f (t) is complicatedl®-81, To obtain a qualita- 
tive analysis, let | Eu |=] En | = t. Taking into account (5-19) and (5-20), 
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we obtain 





Un= ( 1— sue | sin Inf,t + MP. sin Qnfot (5-24) 


TMN 


With zyp =0.52y y point P coincides with the electric centre. The electric 
centre voltage 


Uy = $ sin 2nfit +4 sin Qfot (5-25) 
or 
Ug=sin on LEL teos 20 X eh (5-26) 


It follows from (5-26) that the frequency relay will respond to the frequency 
hE., called the carrier frequency (Fig. 5-4b) 15-8], 

Figure 5-5 shows the operating areas of an AFC device utilizing a frequency 
relay, type MBU-011 (UB4-3), and a time relay with settings tre = Ô S, trr = 
= 0.5 s and tpp >> 1s. These characteristics are obtained experimentally [5-7], 

The position of an AFC device in the elementary circuit in Fig. 5-4a is 
determined by the relationship U,/U,, where 


(he (1 Fme) (5-27) 
U= Ey a (5-28) 


The generators M and N are included in zy,p and zy y respectively as tran- 
sient reactances 73. 

It is clear from the characteristic, that an increase in the time delay and 
a decrease in the frequency setting of the AFC devices reduce the areas of AFC 
possible operation during loss of synchronism. 

Changes in the frequency in case of power inrush during short circuit [5-9], 
Power inrush during a short circuit occurs due to an increase in the active 
losses when the short-circuit current flows. 


The active power loss 


AP se = 315 R ee (5-29) 
The three-phase short-circuit current 
Un. ph 
Ioe = — (5-30) 
se v šc + R2 
Hence 
R 
pans 2 sc ~, 
APse= 3U? pn AFA (5-31) 


where Un. pn = nominal phase voltage 
Z = inductive reactance to the point of short circuit 
Rse = resistance to the point of short circuit 
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Fig. 5-5. Generalized pick-up areas of AFC devices in asynchronous operation 
U = Uy + U, = 100 V; (a) tpp = 0; (b) trr = 0.5 s; (c) tpp more than 1 s 
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The maximum value of AP, is determined from the condition 








OAP so n 
Reo 0 (5-32) 
Thus 
Rse = Tse (5-33) 
and 
3U2 ont 
AP sc max > 3 2 Em (5-34) 


If one takes into account that the short-circuit reactive power calculated when choosing 


the equipment 
3U2 


Qse = — (5-35) 
Tse 
then the maximum inrush in real power 
(AP sc max), kW = (0.50se), KV-A (5-36) 


With short circuits dictating disconnection of the: consumers or entailing 
heavy voltage drops across the unfaulted parts of the power system, the result- 
ing power inrush will be obviously less and dependent on the amount of tripped 
power. More than that, in certain cases the power tripped may exceed the value 
of inrush. Power inrushes caused by short circuits should be taken into ac- 
count with self-contained small-rated power systems (up to 500 MW) when 
damaged equipment cannot be rapidly tripped and in the presence of lines 
possessing high resistance (35 kV and less). Real power inrushes up to 50 to 
70 MW have been encountered in power systems with short circuits. If a short 
circuit is quickly cleared the frequency has no time to drop to the value at which 
the first group of AFC devices functions. Therefore, in low rated power systems 
rapid clearing of faults is regarded as the basic measure to prevent the AFC 
devices operating. 

The short-circuit clearing time in cable circuits equipped with reactors is 
of 2 to 3 s. Such periods are sufficient to decrease frequency to 47.5-48 Hz in 
power systems rated for 400 MW or less. 

As mentioned above, the restoration of supply to the consumers after clear- 
ing a short circuit and raising the frequency in a power system is accomplished 
by the frequency automatic reclosure system (FARC). 

Changes in the frequency due to sluggish operation of the speed governors of 
hydraulic turbines. When the ratio between the power demand and generation 
abruptly changes, the turbine speed governors have no time to make the requir- 
ed alterations to the water volume for the turbine. The result may be a decrease 
in the frequency of the power system in spite of the fact that the underloaded 
generators may have some reserve power. This was the cause of a frequency 
decrease to 48.5 Hz in 10 s and operation of the first groups of AFC-I devices. 

It is again the FARC system that corrects the malfunction of the AFC-I 
devices. The action time of the AFC-II devices must be sufficient to adjust 
their operation when the frequency decreases because of the slow operation of 
the turbine speed governors. 
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5-4. Choice of Parameters of FARC Devices and 
Work of Operators 


When a possibility occurs of restoring the power system frequency by mo- 
bilizing the output of hydroelectric stations or by rapid connection of tripped 
areas for parallel operation with the other part of the power system (through 
the use of FARC and ARC, for instance, with synchronism catchment), it is 
advisable; to equip all stations having the AFC devices with the FARC units. 
The FARC units should be installed at the most important consumers connected 
to the last groups of the AFC devices and also at the consumers being tripped 
by the first groups of the AFC devices which are most liable to function at 
short-time small frequency drops. Besides, it is useful as well to use the FARC 
units on loads supplied from self-contained substations, i.e., those without 
personnel and remote-control devices. 

Like the case with the AFC devices, the FARC units are used in several 
groups, their frequency settings ranging from'49.2 to 50 Hz. The initial time 
setting is 10 to 20 s. The final time setting may be different depending upon 
local power system conditions. Within a: power.system or; an individual net- 
work the minimum time interval at which the adjacent FARC groups operate 
is about 5 s[5-2], The load connected to the FARC devices is almost uniformly 
distributed between the groups. 

The load reclosure sequence by the FARC devices is the reverse of that 
used when they are tripped by the AFC devices. To make the operating condi- 
tions for the sources of operational current easier, when a FARC group 
closes several switches, the latter are made to function in turn at 1-s 
intervals, 

To prevent the frequency from decreasing repeatedly after the operation of 
the FARC devices (which may again result in functioning of the AFC system), 
these devices must be of single action, i.e., if after the operation of the FARC 
devices the power system frequency is lowered initially, the FARC devices will 
not function again after restoration of the frequency. 

The use of the AFC and FARC devices does not free the attending personnel 
of responsibility for the proper operation of the power system. If an emergency 
situation arises that may result in a dangerous frequency drop (for example, 
at the hours of maximum demand), measures should have been taken before to 
limit the power consumption. If the operation of the AFC devices is ineffective 
the operators must take firm measures to prevent the frequency drop and its 
holding below 49.5 Hz. 

The possibility of reconnecting loads tripped by the AFC devices to another 
power source by the automatic transfer units should be ruled out. At the same 
time, when recovering the frequency and eliminating the emergency situation 
responsible for a reduction in the frequency of a given area (for example, after 
the transmission lines are cut in), the power supply to the tripped loads must 
be reestablished as quickly as practicable. 
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5-5. AFC and FARC Circuits 


The circuit of an AFG device without subsequent automatic reclosure is 
shown in Fig. 5-6. An underfrequency relay trips the breakers via an output 
auxiliary relay and a time relay. Simultaneously a prohibitive signal is fed 


ARC prohibition 





To 
disconnection 


sT] 
a From VT 


rom yT a 
of {si busbar of 2nd busbar 
system b system 


Fig. 5-6. AFC circuit with prohibiting operation of ARC device installed on 
connection 


to the ARC devices which respond to the discrepancy and are installed on con- 
nections. These devices do not call for reclosure after the operation of the AFC 
device. 

The underfrequency relay is connected to the voltage transformers through 
a knife switch! whose blades first make the voltage circuits and then the opera- 
tive current circuit. The knife switch is opened in the reverse order. This pre- 
vents the time relay picking up when the supply of the frequency relay is chang- 
ed from the voltage transformer of the first busbar system to the second one 
and vice versa. 

The circuit diagrams of the AFC devices with a subsequent ARC after fre- 
quency recovery, (by FARC) are illustrated in Figs. 5-7 and 5-8. The circuits 
are made to conform’ to the frequency relays, type MB4-011 (MB4-3) (Fig. 5-10). 

Let us consider the diagram of the AFC device in Fig. 5-7. The underfre- 
quency relay FR operates and closes the time relay TR whose contact TR-2 
switches on the auxiliary relays ZAR and 3A R. The relay ZAR trips the break- 
ers. On closing the contact 3A R-1, the relay 3AR changes the resistance con- 
nected in series with one of the coils of the frequency relay (the resistor is in- 
tegral with the relay case) to change the frequency relay setting and vary the 
reset frequency of the relay. The contact 3A R-2 makes the circuit of relay ATR 
whose reset is delayed when the armature drops out. The circuit of relay 2AR 
is opened by the contact 3A R-8. 
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When the time relay TR is closed for a long period, its thermal stability 
is obtained by breaking the contact 7 R-1 which introduces a current-limiting 
resistance. The time relay resets when the frequency is recovered and the fre- 
quency relay contact opens. The relays JAR and 3AR become deenergized. 


Automatic emergency 
tripping circuits at 
freguency drop 


Automatic reclosing 
afler freguency 
restoratton 





i bas ae a 
+ - To disconnect + To close L » | relay setting 
ie itr a breakers rb æ> f breakers 

os bees ee > 


Fig. 5-7. ARC circuit with subsequent ARC after recovery of frequency. FARC 
device made up of auxiliary relays 


FR — contact of frequency relay; TR — time relay; ATR — relay with delayed arma- 
ture dropout in reset; 7AR-3AR — auxiliary relay; SR — signal relay. Broken lines indi- 
cate the circuits used for disconnection and reconnection of several breakers 


The contacts 34R-J and 3AR-2 open, while the contact 3AR-3 closes. The 
relay 2A4R closes and remains in this state until its circuit is opened by the 
contact ATR-1. The relay 2AR picks up and reverses the breakers. The single- 
action and short-time nature of the making pulse fed to the circuit is provided 
by the series connection of the contacts 3AR-3 and ATR-1. Operation of the 
device is indicated by the signal relays ZSR and 2SR. 

It is advisable to use the device shown in Fig. 5-7 when there is a provision 
for the automatic reclosure of the given connection only after the tripping 
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effected by the AFC device and on condition that the normal frequency is 
established. 

In the variant shown in Fig. 5-8 the contact of the underfrequency relay FR: 
closes and makes the time relay 7R. On expiration of the set period, the con-. 
tact TR-2 makes and closes the relays JAR to 3AR, and the signal relay SR 
picks up. The relay ZAR makes the tripping circuits of the breakers. The circuit. 


fAR-f 


IAR-2 l 
te ge Disconnection 


ass of breakers 
+ 
—— A. — 5 


Readjustment of 
JAR-1 fregtency relay 
l settinç 


Blocking in starting 
circutt of ARC device 


2AR-f 


ZAR-2 


2AR-3 





Fig. 5-8. AFC circuit with FARC device employing relay PIB-58 


FR — contact of frequency relay; TR — time relay; ATR — relay with delayed armae 
ture dropout in reset; 7AR-8AR — auxiliary relays; SR — signal relay 


of the relay ZAR is controlled by the contact A7'R-1 which is closed when cur- 
rent flows in the coil of relay ATR. The contact 2A R-1 breaks the circuit of the 
relay ATR. The contact ATR-/ in its turn breaks the circuit of relay JAR 
(0.8 to 1.0 second later) and removes the tripping pulse from the breaker. 

This circuit of the device permits the opened breakers to be closed manually 
when the contacts of the underfrequency relay remain closed for a long time 
(in the case of baked contacts or when an emergency dictates that the consumer 
be connected manually because of a frequency fall in the power system). This 
is the advantage of the variant. 

Closing the relay 2AR cancels the operative current flow in the time relay 
of the ARC unit, thus the frequency recovery is delayed. Reclosure will take 
place only after the contacts of the underfrequency relay open and the relay 
ZAR resets. 

Good results are obtained from the circuit shown in Fig. 5-8, when the ARC 
devices are installed on the connected equipment, regardless of whether the 
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given equipment is connected or not connected to this or that group of the AFC 
devices. oe tee ~ 

When a separated power station is subjected to a heavy power inrush, the 
reduction in the frequency is accompanied hy, a drop in the voltage. The opera- 
ting frequency of a frequency relay decreases with a decrease in the voltage. 
Under these conditions the AFC. devices may fail to operate and, as a conse- 
quence, the separated power station may'be set to zero voltage. To ‘prevent 
possible failures of the AFC devices at heavy voltage dips caused by a fiequency 
fall, the AFC devices must be connected to voltage transformers (Fig. 5-9) 
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Fig. 5-9. Connection of frequency relay to voltage transformers 


(a) through voltage stabilizer VS; (b) through intervening transformer or autotrans- 
former T and voltage relay; (c) throvgh intervening transformer or autotransformer 


and stabilizer; kR — series resistor; (d) stabilizer output voltage Upu Versus Uin at 


various fre quencies: 1 — 50 Hz; 2 — 48 Hz; 3 — 46 Hz 


through a voltage stabilizer or through an intervening transformer (autotransform- 
er) with tap changing when a drop occurs in the voltage of the secondary wind- 
ings so that the transformation ratio can be changed. 

It is seen from the output voltage characteristic of the stabilizer that a 
frequency relay connected to the output terminals of the stabilizer will be at 
a voltage sufficient for reliable operation of the frequency relay at the preas- 
signed setting, when the input voltage of the stabilizer decreases but not 
below 30 per cent of the nominal value. 

With heavier voltage dips, the operation of the frequency relay may be 
ensured by means of the circuit shown in Fig. 5-9c. The voltage relay setting 
at which the relay changes over the contacts and raises the input voltage of the 
stabilizer may be taken 30 to 40 V. ? 

The operating time of the AFC devices utilizing the circuits shown in 
Fig. 5-9b and c should be not less than 0.5 s to provide reliable discrimination 
against short-time bridgings of the frequency relay contacts occurring when 
switching the voltage circuits by the contacts of relay VR. Connecting the 
frequency relay through a voltage stabilizer does not require such switching 
of the voltage circuits and in this respect it has an advantage over the circuits 
in- Fig. 5-9b and c. 
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5-6. Induction Frequency Relays, Type 
MB4-011 (HB4-3) 


For the internal connections of the relay and the construction of its sensing 
element see Fig. 5-10. Magnetic structure 7 carries four series-connected coils 2 
which together with capacitor C form an inductive-capacitive circuit (cir- 
cuit 7). A current flow in this circuit builds up the flux M, in poles 3 and 4. 


Circuit I 


Ny 
wW 
S 
Š 









?, 
ac 


Fig. 5-10. Frequency relay, type MBU-011 


(a) relay internal connections; (b) relay construction 


Poles 5 and 6 carry two Z coils which together with resistors R, and R, form an 
inductance-resistance circuit (circuit JJ). The current flow in this circuit builds 


up the flux Dry. 


Voltage is supplied to both of those circuits from the secondary windings 


of an instrument potential transformer (directly or through a voltage stabilizer). 
The required torque is determined by the following expression 


M =kOp_®,sin (5-37) 
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where k = proportionality factor 


p = angle between the flux vectors D; and On 


Capacitance C and resistance R are so selected that the angle between the 


@, and r vectors is zero, i.e., the torque is equal to zero (more exactly, it is 
insufficient to overcome the torque of spring 17). The relay contacts in this 
case are open. When the frequency varies, the angle  =40 and the relay rotor, 
aluminum sleeve 9 fixed on pin 10, tends to turn. In the case of an increase in 


frequency, the flux È, lags the flux On and the torque assists in opening the 


contacts. When the frequency decreases, the flux @; leads the flux My; and the 
relay closes its contacts. 

The operating setting of the relay is controlled by means of a double rheostat 
R, integral with the relay case. The relay scale may be changed by varying 
the resistance Rg. 

The relay has a permanent magnet 78 acting upon steel rod 79 whose func- 
tion is to add a counter torque to the torque of spring 77. Such a construction 
improves the performance of the relay as the frequency slightly departs from 
the operating frequency when the spring torque is insufficient. In addition, 
it improves the reset factor of the relay. Aluminum sleeve 9 is positioned in the 
air gap between the relay poles and steel cylindrical core 8. Pin 70 is fixed by 
polished steel journals 77 which are carried by upper bearing 72 and lower bear- 
ing 13. Relay contacts 15 and 76 are shorted clockwise by silver rocking bridge 74 
of sleeve 9 (top view). 

Given in Fig. 5-11 is the relay circuit with a minor alteration in the internal 
connections in order to switch over the reset setting of the relay after function 
of the AFC device. The switching is accomplished by closing the relay con- 
tact 3AR-1. The reset setting of the relay can be changed after it has picked 
up, which is clear from its vector diagram (Fig. 5-12). 

Let voltage U, at frequency f = w/2n Hz be applied to relay circuits J 
and ZI. 


The shift angle q; between the current vector I ; and the voltage vector Ü, 
is determined by the relationship between resistance R; and inductive reac- 
tance z of circuit I 


Zy= Ry 4+ jay 
ey | in 


The shift angle @;; between the current vector J,; and the voltage vector Ü, 
is determined by the relationship between resistance Ry; and inductive reac- 


tance xy; of circuit II 
Zn = Ry jtur 
! (5-39) 


TII 
tan 911 = Rir 
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Fig. 5-11. Connection of underfrequency relay ABU-011 when reset setting 
is controlled 


3AR-1 — relay contact to ¢ontrol reset setting; S — knife switch (when turned on, its 


blades sypplying a.c. voltage are closed. first and then its blade supplying d.c. power 
en the switch is openci); L — pilot lamp indicating 


presence of voltage 


is closed; the order is reverse wh 





Fig. 5-12. Operating diagram of relay AUBY-011 (UB4Y-3) 
(a) vector diagram of currents and voltages of relay circuit I; (b) same of relay oircuit If 
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The inductive reactance of circuit I is 
1 
zi = Lr Ta o (5-40) 
At a frequency equal to the preassigned setting value (œ = Osez) the induc- 
tive reactance zy has a definite value 
— 
OsetC1 


Since Rı is constant, the angle between the current J; and the voltage U, 
will change with a change in the frequency. 

When the frequency decreases as compared with the operating setting 
frequency, the reactance x; and the angle q,; decrease and vice versa. 

The inductive reactance of circuit II is 


TIL = @ Lir (5-42) 


At a frequency equal to the preassigned setting value of operating frequency 
the reactance is 


TI = Lset = WserLy = 


(5-41) 


Ly] = Leet = Oset Ly (5-43) 
Using the variable resistor R,, set the resistance of circuit II so that 
P= fi (5-44) 


In this case the impedance Zıı will have a definite value with © = @,,.;Z1; = 
= Z;, where Ẹ is the proportionality factor. The directions of the currents J; 


and Iir and fluxes ®; and ır are the same and the angle p between the fluxes 
is zero. The torque of the relay is also zero and, if there is no spring torque, 
the relay is in a position of indifference. 

If the system frequency exceeds the operating frequency the reactance zı 


increases to an amoun igreater than the reactance zp. The flux M, begins to 


lag the flux Oy and the relay torque acts to open the contacts. 
If the system frequency decreases in comparison with the operating setting 


frequency, the reactance zı decreases more than the reactance zyz; the flux Ë; 


starts to lead the flux @,; and the relay closes the contacts (function of the 
underfrequency relay is meant). 


After the relay contacts have closed they will again open, if the direction 
of the vector ®; coincides with that of the vector Dir. To overcome the friction 


torque, the vector Ð; must somewhat lag the vector @y,,; in order to pro- 
mote a negative torque so that the relay is reset at a frequency a bit higher than 
the operating frequency. This determines the reset factor of the relay. 
This design allows the reset frequency to be changed. To increase the reset 
frequency, it is sufficient, when the contacts are closed, to increase the angle 


Pır between the current In and the voltage U,, i.e., to displace the flux Dir 
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direction towards the horizontal axis. Such an increase in the angle gy, is 
obtained by reducing the resistance Rj. 

As said above, a similar method is used to control the reset frequency set- 
ting of the frequency relay employed by the FARC devices. It is clear from 
the diagram in Fig. 5-12 that the relay, type MB4U-011 (MBU-3) may perform 
the function of an overfrequency relay. To this end, it is sufficient to change 
the connection polarity of the first circuit or change the position of the contacts 


by arranging them so that they close when the flux dy lags the flux Dr. 


5-7. Frequency Relays, Type PY-I, Employing 
Semiconductor Elements 
Since 1974 the underfrequency relays, type PU-I (Fig. 5-13), based on semi- 


conductor and logic elements are manufactured in the USSR. The relays are 
free of the imperfections inherent in the type MBY relays, i.e., the setting 
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Fig. 5-13. Semiconductor 
(a) block diagram; (b) time-pulse diagrams; (c) phase-shif{t networks; (d) simplified schematic dia 
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of the PY-I relay is practically independent of the voltage magnitude and does 
not misfunction when the voltage suddenly changes. For a complete internal 
wiring diagram of the relay see reference [5-10], 

Through a decoupling transformer T and a band filter F which eliminates 
the effect of the upper harmonics on the operation of the relay, the voltage Ue 
of the circuit under control is applied to the phase-shifting circuit. This circuit 
includes a frequency indicating (measuring) element M, and active divider AD. 
The angle between the voltages U, and U, at the output of the phase-shifting 
device is determined by the circuit frequency at the input of the relay. These 
voltages are passed to the phase-sensing element which consists of two pulse 
shapers, PS, and PS,; a differentiating element DE and a logic element LE. 
Developed at the output of the pulse shapers are rectangular pulses Ups, and 
Ups, whose duration is close to the half-cycle of the input voltage. 

A short (braking) pulse Up is formed from the leading edge of pulse Ups, 
by means of the differentiating element DE. The relative position of pulses U ps, 
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and Up depends on the circuit frequency. These pulses are fed to the logic 
element LE (“prohibition”) which permits further passage of the braking pulse 
only when no pulse Upg, is present at the input. 

If the circuit frequency is higher than the operating frequency of the relay 
(fe > fo), a pulse Up is produced every half-cycle at the output of the ele- 
ment LF and does not occur when f, is less than fo. The pulse is widened in time 
by the pulse widener PW designed so that the output control signal is absent 
when the signal is fed to its input and vice versa. 

The trigger element TE which starts PW only when the relay input is at 
the a.c. voltage of the circuit prevents misoperation of the relay when the 
circuit voltage disappears. 

The control signal from PW is fed through amplifier A to the output ele- 
ment OE. 

The phase-shifting network converts the circuit frequency changes into 


changes in the angle p between the U , and U a vectors. When voltage measure- 
ments are made between points a and b (Fig. 5-13c) the angle between the U, 
and U, vectors is determined from the expression 


oL ——- 


oC 
tan ọ = Rik. (5-45) 
An 0.4° change in the angle @ corresponds to a change of 0.1 Hz in fre- 


quency. 

As pointed out above, the relay is connected through transformer T 
(Fig. 5-13d). Reactance coil RC and capacitor ZC form a band low-pass filter. 
Reactance coil ZRC and capacitors 4C and 5C with a resistor found in the con- 
verter unit CU form a phase-sensitive network controlled by push-button PB 
used to check the ‘relay condition. Another phase-sensitive network performing 
the function of the-working element of the relay is formed by reactance coil 2RC, 
capacitors 2C and 3C and a resistor located in the converter unit. One of the 
two phase-sensitive networks may be used for changing the reset setting of the 
relay (for the FARC) or for promoting the operation of the second group of the 
AFC. devices. 

The operating frequency may be adjusted either in 1-Hz steps by a switch 
or continuously within 1 Hz by means of resistors 7R and 2R. The time setting 
of the relay is controlled by changing the circuit capacitance with the aid of 
capacitors 6C through 8C. 

Relay specifications. The rated voltages are 100 volts for an a.c. circuit 
under control and 110 and 220 volts for the operating direct current circuit. 

The operating setting range is from 45 to 50 Hz and the reset values range 
from 46 to 51 Hz. The minimum difference between the operating and reset 
frequencies is less than 0.1 Hz. The operating frequency is true to 0.2 Hz when 
the voltage across the circuit under control varies from 0.2 to 1.3 of Uratag. 
Variations of the ambient temperature from —20 to +40°C change the operating 
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frequency only by 0.2 Hz max. and from —40 to +40°C by 0.3 Hz max. The 
operating time settings are 0.15, 0.3 and 0.5 s. 
` The power consumption is 10 VA max. for the a.c. circuits, 10 W max. 
for d.c. circuits at 110 volts and 20 W max. for the d.c. circuits at 220 volts. 
The a.c. and d.c. circuits allow prolonged operation of the relay at 110 per 
cent of Urated- 

The base and dimensions of the relay are the same as those of the MBYU-3 
unit. The d.c. output is from terminals Z and 3. The power is applied to termin- 
als 7‘and 8. The relay reset setting for operation of the FARG unit is changed 
by reconnecting contacts 5 and 6. The output circuits are connected to termin- 
als 2 and 4. 


5-8. Conclusions 


1. The AFC devices are essential elements used in automatic power control 
systems to prevent faults involving avalanche falls of frequency and voltage, 
which results in outages and prolonged interruptions in the power supply. 

2. The use of grid power systems adds to the likelihood of severe local power 
lacks in separate areas if they are isolated from the rest of the system due to 
a fault. 

3. In large power systems numerous emergencies resulting in critical falls 
of the frequency are possible, therefore the AFG system must be capable of 
“self-adjustment”, i.e., whatever the fault, the amount of tripped load must 
correspond to the power deficit. This requirement is not met by the AFC devices 
with a small number of frequency control groups when these devices are serving 
large power consumers. 

4. The AFC system with two frequency-control categories, AFC-I and 
AFC-II, and with‘a large number of groups in each category considerably satis- 
fies the “self-adjustment” requirement. Coordinated operation of the AFC-I 
and AFC-II categories is a further development of this system. 

5. The further improvement of the AFC system will be apparently combined 
with the operation of an automated load-control system to which will be added 
the function of control of the AFC devices (parameter adjustments, determina- 
tion of required unloading, etc.). 

‘6. Combined operation of the AFC and FARC devices facilitates recovery 
of the normal power supply after clearing the cause that made the AFC devices 
function and corrects malfunctioning of the AFC devices when short-duration 
falls in the power system frequency occur. 

7. To prevent the AFC devices, at substations having synchronous and 
asynchronous motors, from misoperation when the feeder is tripped blocking 
should be applied. For this, active power or current relays which open the opera- 
tive circuit of the ‘AFC device when the feeder is tripped can be used. 

8. When a power station with a heavy power deficit is isolated from the 
rest of the power system under an emergency, the separated area must be pro- 
vided with local frequency control in addition to the AFC system. The local 
frequency control units must automatically come into operation when the 
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area is disconnected. This function can be accomplished by active-power direc- 
tional relays, devices responsive to the rate of frequency changes, etc. 

9. When tripping the areas having a large active power deficit the frequency 
fall is accompanied by heavy voltage drops. If the functioning of the frequency 
relay employed by the AFC device or by the automatic frequency sectionalizing 
controls is dependent on the voltage applied, the frequency relays must be 
connected through a voltage stabilizer or a special autotransformer with tap- 
changing in case of voltage drops. 


5-9. Review Questions 


4. What is the purpose of automatic frequency control? Why are AFC devices consider- 
ed as important elements in power automatic control systems to prevent faults affecting 
the entire system? 

2. What are the advantages and disadvantages of the AFC system with a great number 
of frequency control groups? 

á 3. A are the purpose and values of the time settings used by the AFC-I and AFC-II 
evices 

4. Draw a diagram of an AFC device with blocking from an active-power relay respond- 
ing to the real power flow in the feeder. What should be the operating setting of this relay? 

5. What are the purpose and settings of the FARC devices? 

6. Describe the operating principle of the ABU-3 (AB4U-011) induction frequency relay. 

7. Describe the operating principles and characteristics of the PU-I semiconductor 
frequency relay. 

5 8. Ta are the operating and reset frequency settings of the MBU-4 and P4U-I relays 
adjuste 

9. What is the purpose of the additional (in a local area) frequency control and the 
automatic sectionalizing controls responding to frequency? 

10. What are the causes of possible operation of the frequency relays of AFC devices 
in the case of loss of synchronism in a power system? 

414. Name the causes of short-time decreases in the power system frequency where 
a spinning power reserve is available. 

42. What are the methods of using underfrequency relays as overfrequency ones? 

13. Name the variants of the FARC device circuit. Evaluate these variants. 

14. Describe the methods improving the operating stability of frequency relays when 
the voltage decreases. What are the conditions which make it necessary to eliminate the 
dependence of the operating setting of the ABU-011 relay on the value of the voltage applied? 

15. To guarantee the maximum load in a 5000 MW power system without decreasing 
the frequency below 50 Hz, when the generation capacity is fully used, a 50 MW consumption 
limit is introduced for peak hours. What will be the fall in the power system frequency during 
peak hours if this limit is not introduced and also if a decision is made to limit the power con- 
sumption only by 25 MW (K = 2)? 


Chapter Six 


AUTOMATIC CONTROL OF FREQUENCY, REAL POWER 
AND POWER FLOWS IN POWER SYSTEMS 


6-1. General 


When load dispatching, the current frequency in power systems must be 
continuously sustained at a value of 50 + 0.1 Hz. Short-time operation at 
a frequency sustained within 0.2 Hz is allowed. In this case, the difference be- 
tween astronomical time and synchronous electric clock time should not be 
greater than +2 minutes in 24 hours. 

When the frequency falls below the specified value, the dispatcher of the 
grid (integrated) or of a separately operating power system must bring the 
available power reserves into action. If the load frequency continues to fall 
and all the reserves available are exhausted, the dispatcher must ensure rees- 
tablishment of normal operating conditions by limiting or tripping some loads 
in compliance with the load-frequency regulating instructions [6-1 6-2], 

Failure to observe the standard requirements for the power supply quality 
results in power overconsumption and causes a labour productivity reduction 
in industry. Prolonged operation at a lowered frequency (below 49.5 Hz during 
1 hour and below 49 Hz for more than 30 min) is economically so unattractive 
that is regarded as a system-scale fault [6°], 

In the first stage of the development of Soviet power engineering, when many 
systems were used separately, the load frequency might undergo fairly wide 
variations, but in large power systems, like the integrated power grid system 
in the European USSR (such systems produce about 80 per cent of the total 
electrical energy in the country) the load frequency is now sufficiently stable 
Fig. 6-1. 

Comparison of frequency records shows that the use of automatic load- 
frequency control (secondary) reduces the amplitude of the frequency varia- 
tions about the mean value. These variations, however, do not exceed the limits 
specified in the GOST standards even in the absence of control. 

Therefore, in integrated power systems having generated power reserves the 
main task is to obtain (with the load frequency kept at the specified value) 
the most economical load allocation among the units operating in parallel. 

In the conditions of integrated power systems, the complete and economical 
utilization of the generated power at the stations sometimes is not feasible due 
to insufficient transmission capacity between and in the links used in the 
systems. Under such conditions the main purpose of the automatic control 
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devices is to ensure the maximum practicable power transmission over those 
links as can be permitted by the steady-state stability, requirements. 
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Fig. 6-1. Frequency variations in” power system 


(a) separate operation of parts of integrated power system; no frequency regulators are 
used at regulating stations; (b) parallel operation of integrated system; no frequency regu- 
lators are used at regulating stations; (c) frequency regulators are turned on.: Parallel opera- ' 
tion of power system parts is shown in the left-hand part of accelerated record cf recording 
frequency meter. Separate operation of IPS parts is shown in the right-hand portion 


If the amount of the power exchange between the power systems is specified 
in an agreement, a factor often practised in many countries, or when this amount 
is specified according to a load-control schedule, then maintenance of the 
specified power may also be placed with the automatic control devices. 

Thus, nowadays automatic control] devices are responsible for sustaining 
the load frequency of the integrated system, economical load allocation among 
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the paralleled generating units, and control (limitation) of power flows over 
insufficient tie links between power systems and inside them. 

The modern systems for automatic control of load-frequency, real power 
and power flows (AFP & FC) incorporate: 

Primary speed governors designed to maintain the speed of the turbine- 
generator unit, when the generator load varies, by changing the steam (or water) 
supply to the turbine in compliance with the load. The design of the governor 
can limit the steam (water) supply to the turbine to a maximum} value when 
loads are excessive, and to a minimum value when the loads on the(generator are 
below the preassigned values. 

The closer these minimum and maximum values to one another, the easier 
the operating conditions for the speed governor, but the generating unit is less 
able to participate in the common control process. 

It is important that the maximum value does not interfere’ with the full 
use of generation and can even permit a certain overload, when the system 
suffers from an emergency lack of power, and the minimum value does not 
hinder the less economical generating units from being unloaded, when the 
more economical units produce reserve (excess) output. 

It should be noted that the minimum load and also the control range of the 
thermal generating units is significantly dependent upon the types of boilers, 
turbines, fuel used, etc. 

When a generator suddenly throws off the load, the action of the speed 
governors must prevent the functioning of the safety automatic controls which 
are installed on the turbines as a guard against overspeeding and assist the 
speed governors’ protective action. The overspeed value at which the safety 
controls come into action is equal to 142 per cent of the nominal value for 
high-speed steam turbine generators and 130 per cent for low-speed hydroelec- 
tric generators. 

Secondary control devices. Where a control range is provided, the secondary 
contro] devices help to keep the turbine speed constant (constant frequency) 
at any value of load. These act upon the primary governor via a speed changer 
in case of changes in the load frequency, power flows, etc. The’ devices operate 
in conjunction with the devices for the group control of active power generation 
at a multi-unit power station. The group control devices allow the}. power sta- 
tion whose units are under such control to be regarded as a single plant that’can 
be acted upon by a controller determining the participation of the power sta- 
tion as a whole in the common system of frequency and power output control. 

The group control devices used immediately in the power station must 
ensure the most economical load allocation among the individual units, in 
particular on the basis of observing the equality of relative increments in the 
cost of the fuel consumed by the individual units of the group. 

To make the joint operation of power stations with the group control of the 
units feasible, the power controllers of these devices should be controlled either 
from a common system regulator providing for the specified mode”of regula- 
tion and the share of each power station in the common power regulation process 
or should operate in compliance with the specified load schedule; it is important 
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ae the schedule be corrected as to the frequency and real power flow over the 
tie lines. 

In the so-called decentralized control systems the group control devices of 
individual stations used an astronomical time clock as the central regulator. 
Such a reference clock had to be installed at each power station to provide 
exact time indication within a 24-hour period to -£0.05 s. 

System control devices act upon the station generators through the group 
control systems and control the load frequency, real power and power flows in the 
power system and its parts. 

With a centralized AFP &FC system, the control pulses acting upon the 
station controllers are produced by the central regulator. The required input 
information and mode of regulation are preset, the controllers of the group 
control devices of the individual power stations being acted upon by remote 
control. In practice, this type of centralized regulation was used in small power 
pools working in isolation from the integrated power system or was used as 
a means of centralized control of a group of power plants from the load dispat- 
ching department of the power system. 

With the decentralized AFP & FGC system, the control signals acting upon 
the generating units were to be executed by devices installed only at the re- 
gulating power stations without using remote control. However, the necessity 
to correct the output of certain power stations with the aid of the power flows 
on the transmission lines made it impossible to give up remote control and in 
fact caused an increase in the number of the remote control channels. 

Due to integration of the power systems the decentralized regulation method 
turned out to be unfeasible as it was necessary to limit the action of the group 
control devices with regard to power flows in the tie lines and to take into 
account the losses in the transmission lines, all of which needs a fairly large 
amount of remote control equipment. The group control devices installed in 
some of the power stations for decentralized regulation have proved useful in 
accomplishing power flow limitations on tie lines [6-4], 

With the mixed AFP &FC system used in the integrated power systems 
of the USSR economical load allocation among the generating units is obtained 
by using a preplanned schedule prepared in each power system by group control 
station controllers. Practice shows that unplanned departures from the pro- 
perly designed load schedules do not exceed 2-3 per cent. The variations cause 
changes in the volume of planned power flows over the tie lines and in the power 
system frequency. Correction of the above-mentioned parameters is placed with 
the central regulator acting upon a certain number of the power stations which 
deal with unplanned loads. In a number of cases the task of handling unplanned 
loads is assigned to one hydroelectric power station possessing the needed 
generation reserve. Simultaneously this station perform the load-frequency 
regulation function. The central regulator must consider the power exchange 
capacity of the tie links between power systems and never permit dangerous 
overloads. 

The principle according to which a regulating power station performs the 
load frequency and power flow control functions is given by the following 


AUTOMATIC CONTROL OF FREQUENCY, REAL POWER, POWER FLOW 193 


expression [6-5] 
t t 
P=Pp tK: | Afdt+KeAf+C, | APpdt+C.APy (6-1) 
0 0 
where P = power ontput of the regulating (pilot) power station 
Ppı = planned power of a power station (optimum when there is no de- 
parture from the planned value) 
Af = frequency departure from the preassigned (rated) value 

AP;, = power flow departure from the planned value 

K and C = regulation factors determining the share of the regulating station 
in the control of unplanned load changes. The factors are selected 
so that optimum regulation is achieved 

When several power stations handle the unplanned load variations their 
group control systems are activated from a central regulator installed at the 
load control centre. The participation of each power station is determined by 
operators and executed through the central regulator. The flow limiters which 
limit the power generated by the regulating station or stations act upon the 
group control system of the given power station either directly or through the 
share controller of the central regulator (or by both methods). 9 

The dispatcher should be able to change the settings of the reference fre- 
quency unit which determines the load frequency of the system, and the device 
which allocates the share of one or another power station handling the unplanned 
loads and the control units limiting the tie link power flows. When the dis- 
patcher cannot directly control the settings of the corresponding apparatus, 
functions similar to the above must be performed by the station operators 
according to the directions of the power system dispatcher or independently 
making the necessary corrections against instrument readings. 

In addition to the principal functions of regulating the frequency, power 
and power flows in the power system as a whole, the AFP & FC systems must 
provide the rated frequency in isolated parts of the system operating asynchro- 
nously in order to facilitate the subsequent synchronization and recovery 
of normal operating conditions. For this each power system in the integrated 
system is furnished with AFP & FC devices that are operated by control person- 
nel when one or another part of the integrated system is separated for individual 
operation. The central regulators used in the isolated parts of the integrated 
power system control a limited number of power stations. 

When accomplishing such a system of mixed regulation the central regulator 
of the integrated power system may act upon the regulating power stations 
oe the regulators of individual parts of the power system rather than 
directly. 


6-2. Frequency and Power Regulators 


The primary regulator of the load-frequency and real power or, in other words, 
the speed governor is a process apparatus without which the turbine-generator 
unit cannot work under conditions of varying load. If the generating unit 
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operates at a preassigned speed (at a preassigned frequency) and under a certain 
electrical load, the amount of steam (or water) supplied to the turbine cor- 
responds to this load. With a change in the electrical load and no change in 
the amount of steam (water) fed to the turbine per unit time its speed will 
alter and the generating unit will decelerate if the electrical load increases or 
accelerate if the electrical load decreases. 

To automatically reestablish the initial speed, the steam (water) flow to 
the turbine and the electrical load must be brought into agreement. This is 








Fig. 6-2. Characteristics of speed regulae Fig. 6-3. Load sharing among generation 
tion by the primary governor units with different steady-state characteri- 
stics n = ọ (P) 


provided by the primary speed governors. Usually these are mechanical centri- 
fugal regulators which, as others, can regulate according to the transient (Z) 
or steady-state (2) characteristics (Fig. 6-2). 

In some constructions the mechanical speed change detector is replaced by 
or supplemented with an electrical sensing unit (a load-frequency control 
attachment). 

In the transient mode of regulation the process takes place without appre- 
ciable overcorrection and residual decrease in the speed as the generator load 
increases. The characteristic n = ọ (P) at each time instant is determined by 
a straight line parallel to the axis P. In the steady-state mode of regulation 
the steam (water) flow to the turbine changes only after a certain speed 
change. . 

When the load frequency (speed) of the generating unit falls from f; (point a) 
to f, (point b), the primary speed governor will increase. the turbine steam 
(water) supply and the load will rise from P; to P}. 

New Steady-state operation results. The section bc determines the residual 
noncompensation of the speed during the regulation process, i.e., the stead y= 
state error. Bs a 


ea) 
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The steady-state coefficient s is equal to the ratio of the speed change to 
the incremental output power . 

An 
s= tan Q = AP (6-2) 

The steady-state nature of the regulation characteristics makes parallel 
operation of turbine-generator units into a common load possible. If there are 
a number of paralleled machines, then a change (say, an increase) in the total 
load by AP is accepted by the machines in accordance with the steady-state 
coefficient of the primary regulation. The units having regulation characteris- 
tics less steady (compare characteristics Z and 2 in Fig. 6-3) will be loaded to 
a greater degree (in percentage of the rated power). In generating units with 
transient characteristics the entire load will be shared by these machines by 
loading them to a value determined by the limiter settings. 

The secondary regulators of load-frequency and real power make it possible 
to restore the frequency to the initial (nominal) value after operation of the 
primary regulators having a steady-state characteristic. The secondary auto- 
matic regulation device responds to a decrease in power system frequency 
from f; to fı (Fig.6-2) and actuates the primary regulator until the speed of the 
generating unit and thus the frequency of the power system are at the. rated 
values. This instant corresponds to the point c. The frequency regulator charac- 
teristic has been displaced parallel to itself to the position determined by the 
straight lines c and d (Fig. 6-2) and c,d and c,d (Fig. 6-3). The action of the 
secondary regulator is effected through the speed changer. The change in the 
speed of the generating unit may be made dependent not only on the system 
frequency, but also upon other factors governing the operation of the secondary 
regulators, such as power flows over a transmission line or the total load of 
the power station. 


6-3. Devices to Control Power Output 


There are several ways of ensuring that the power system load variations 
are taken care of by separate generating units at one power station or a group 
of power stations. 

(a) The characteristic n = ọ (P) of the generator responsible for handling 
the loads has the smallest steady-state coefficient (in the limit-transient cha- 
racteristic). This generator is the pilot machine. The other supporting generators 
of the power station are equipped with devices which maintain the specified 
relation between their output and that of the pilot generator. 

(b) The power station generators are included in the group control system 
with a central controller which controls the real power load of the whole power 
station. This controller is provided with frequency correction, i.e., it has 
a specified steady-state coefficient and its operation is limited when the’ fre- 
quency variations are more than +0.2 Hz beyond the rated value. The setting 
of the controller may be changed by attending personnel or by the power system 
central regulator. 

The total output generation of the power station set by the power controller 
is allocated among the generating units in compliance with a preselected mode: 
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With generating units of the same type, for example, the load is uniformly 
shared by all the machines. When the machines are of distinct types, the load 
is so divided that in terms of reference fuel the relative incremental fuel con- 
sumption per 1 kW of extra generation is uniform (more exactly, uniform 
incremental expenditures of labour in terms of cost). 

If the regulation is carried out by several power stations, each power station 
has its generation output set in compliance with its incremental characteristic. 
Using this scheme, ceutralized regulation of load frequency and real power 
at one low-rated individual power system and centralized operation of several 
power stations in one of the sections of the integrated power system in the 
USSR have been accomplished, thus making it possible to consider this part 
of the integrated power system as a 
Jo station? single whole in relation to its partici- 
Pea pation in the common regulation sy- 
stem. 

The schematic diagram of the 
scheme for centralized frequency and 
power regulation is shown in Fig. 6-4. 

The central frequency and power 
regulator installed at the load-dispat- 
ching department contains: 

(1) Measuring element Z respond- 
; ing to changes in the frequency. 

fe at * (3) Functional converters 2 which 

show how the load of each station in- 

volved in the regulation depends on 

Fig. 6-4 Diagram of centralized frequency the variable common to the entire sy- 
and power regulation stem, in the function of which the load 

is allocated among individual power 

stations (for example, on the costs of?generation or the relative incremental 
value in terms of reference fuel). The functional converters are shaped templates 
or shaped rheostats changing the input current of the remote control transducer. 

(3) Integrating element 3 incorporating a reversible motor which actuates 
the converter systems when the frequency departs from the rated value until 
the frequency is reestablished to the normal value, thus transient frequency 
regulation is attained. 

(4) Remote control equipment feeding the control signals to the power sta- 
tions in compliance with the output pulses of the functional converters of 
the central regulator, i.e., in accordance with the required load of the power 
station. 

At the power stations, the received signal acts on the local distributor 
which consists of a group regulation controller and a frequency corrector. The 
frequency corrector operates either continuously, creating steady-state condi- 
tions and frequency limitation or it only interrupts the action of the central 
regulator when the frequency departs from the preassigned limits. The frequency 
corrector also reduces the effect of false signals from the central regulator in 
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case of faults in the remote-control channels or when a power station with its 
area is separated. 

In the apparatus put into service, provision is made for devices which 
allow the load settings to be changed manually. Use is also made of instruments 
indicating the load assignment sent to the stations. 

(c) Distribution of the loads among the generating units of a power station 
and among the power stations taking part in the frequency and power regula- 
won is according to the incremental characteristics without communication bet- 
tieen the power station group controller and the central regulator effected 
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Fig. 6-5. Characteristics of relative increments 


(a) fuel consumption; 1 — meanepressure stations; 2 — high-pressure stations; (b) water 
consumption 


through the remote-control devices. Frequency regulation is effected against 
the pulses generated by a synchronous time clock. If individual power stations 
are furnished with such clocks, there is no need (at the first sight) to use remote- 
control means. As mentioned previously, once the so-called decentralized AFPC 
system was suggested which, however, proved unfeasible as it was found neces- 
sary to take into account the losses in the networks which meant greater use 
of remote-control devices than in the case of the centralized AFP & FC systems. 
However, when use is made of group power regulation within a power station, 
the distribution of the load among the generating units relative to their incre- 
mental fuel consumption is rational especially when the regulation involves 
generating units of different types and capacities, a feature characteristic of 
some thermal stations. 

Typical incremental fuel consumption curves b of thermal generating units 
and water consumption q at hydroelectric stations are shown in Fig. 6-5. By the 
incremental fuel consumption b is meant an increase in the consumption of 
reference fuel (in tons) per 1 MW increase in the generation. By the incremental 
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water consumption g is understood an increase in the water supply (in cu.m) 
per 1 s, when the generation is raised by 1 MW. With the hydroelectric genera- 
tors b is assumed to equal Aq, where A is a conversion factor to be used in re- 
computation of the characteristics. 

It is seen from the characteristics shown in Fig. 6-5 that an increase in the 
steam supply to the turbine, or water to the hydroturbine causes an increase 
in fuel (water) consumption. The incremental consumption transducer takes 
this regularity into account. The following principle underlies the transducer 
operation. 

A synchronous motor connected to the power system voltage (Fig. 6-6) 
actuates the hand of the electrical clock. If the power system operates at the 


Three -phase synchro t / j 


ref net 


a 





(6) 


Fig. 6-6. Operation of frequency regulator based on comparing astronomical 
and electrical time 
{a) explanatory diagram; (b) integrating element diagram 


rated frequency, the hand of the electrical clock and the hand of an exact as- 
tronomical clock will coincide. When the frequency departs from the rated 
value the clock hands become separated by an angle 6. The longer and greater 
the frequency departure, the greater the angle deviation between the hands 
t 
ô: = j Af at (6-3) 
9 
The value of angle 6; is determined by the difference between the astronom- 


ical time 
t 


Tast =n | fres dt (6-4) 
0 
and the synchronous time 


t 
Toyn=1\ fayn at (6.5) 
0 


AUTOMATIC CONTROL OF FREQUENCY, REAL POWER, POWER FLOW 499 


where fe; = reference frequency value 
ee = system voltage frequency 
= proportionality factor 
Riva. (6- 3-3) to (6-5) it follows that 


AT = Tast —Teyn = | Af dt =n6; (6-6) 
0 


It is clear from the last expression that a decrease in the frequency increases 
the difference between the astronomical and synchronous time. Thus, this 
difference qualitatively is similar to the changes in the relative incremental 
fuel (water) consumption per unit time and may serve to a degree as a criterion 
of the regulation system. The principles underlying the device comparing the 
electrical time with the astronomical time and the design‘of the device integrat- 
ing element are illustrated in Fig. 6-6b. 


6-4. Power Group Control at Thermal Stations 


Automation of the power generation process at the power stations with 
individual boiler-turbine-generator units (at present, most of the power is 
generated by such units) provides automation of operation of each unit in 
accordance with the specified generator load, and economical allocation of the 
load assigned to the given power station among the individual units. 

The group of devices which automatically regulate the steam input to the 
turbine, depending on the resistive load of the generator, utilizes the mechanical 
or electromechanical governor of the turbine, which is coupled to the controller 
of the group control system, and the regulators, often electronic, which operate 
the boiler mechanisms so that the steam parameters (pressure and temperature) 
at the turbine input are held at their optimal values corresponding to the gene- 
rator load. 

To optimize the operating conditions of the generating units, some electrical 
power Stations use electronic computers. 

Regulation on the basis of maintaining the relative fuel consumption cons- 
tant or, with individual units of the same type, on the basis of ensuring the 
maximum station efficiency as a whole, allows the loads to be economically 
allocated among the individual units without much difficulty. 

Figure 6-7 illustrates the schematic (block) diagram of a regulating circuit. 
The relative increment of the power station is set manually or this is accompl- 
ished by an overall regulating device which takes network losses into account. 

Regulation of operation of a unit with a monotube boiler is effected through 
the air regulator which controls the firing and steaming rate of the boiler. 
The control pulse to the air regulator is shaped in a summator which adds and 
amplifies the signals from the turbine inlet steam pressure gauge, the real 
power meter of the generator, the frequency variation meter and the resistive 
load allocation device. 
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The pressure transducer generates its output signal until the steam input 
parameters are worked out by the pressure regulator. These parameters should 
correspond to the required pressure which must be ensured by the regulator. 
When the pressure drops to a value dangerous to the turbine operation, the 
safety means come into action and disconnect the unit. 
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Fig. 6-7. Schematic diagram of frequency and power automatic regulation at 
thermal station with individual boiler-turbine-generator units 


The output signal from the resistive load allocation device is being fed 
to each unit, with due consideration to the relative incremental fuel consump- 
tion characteristic, until the relative incremental consumption b,; of the sta~ 
tion and the output signals from the devices producing the data on the value 
of relative increase in the fuel consumption in terms of reference fuel bsys of 
the power system with the losses in the networks taken into account are balanc- 
ed. The position of the load allocation device and the power setter may be 
controlled manually (from the group control station switchboard) or by the 
device making the station follow the specified operational load schedule, by 
a computer or by the central regulator of the power system. 


6-5. Power Group Control at Hydroelectric Stations 


At thermal stations the shutdown generating units cannot be immediately 
involved in regulation of frequency and real power, since it takes much time 
to bring the boiler and turbine into operation from cold. 
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The best flexibility in regulating the frequency and power is provided by 
the hydroelectric generators. At hydroelectric stations with one-type machines. 
it is fairly easy to effect a group control system and ensure the automatic con- 
nection of shutdown units to it. 

The service regulations state that in case of a frequency fall in the power 
system provisions be made for automatic connection of the shutdown hydroelec- 
tric generators (frequency starting) and change-over of the hydroelectric ge- 
nerators used as Synchronous capacitors to power generation duty, the settings. 
of the automatic controls being 48.8 to 49.7 Hz. 

Figure 6-8 illustrates a circuit for automatic connection of hydroelectric 
generators in caSe of a frequency fall in the power systew. 

The starting of individual units (or groups of generators) is provided from 
a programming time relay. By means of operation keys each generator is con- 
nected to the busbars of the required sequence. The sequence time intervals are 
selected either to prevent simultaneous connection of the generators (several 
seconds) or to prevent connection of the generators next in sequence (4-2 min), 
if the frequency is recovered after the foregoing machines have been connected. 

The starting automatic controls are turned on by the underfrequency re- 
lay FR. The time to send a pulse to connect the first sequence group of genera- 
tors is determined by the setting of relay ZTR having an 0.5 s delay which 
prevents the device from functioning at random short-time closures of the 
underfrequency relay contacts, like in the case of voltage surges one at. synchro- 
nous swings. 

The time relay ZTR is thermal resistant: In operation, its ananda 
contacts ZTR-I open and a series resistor is connected in series with its coil. 
The contact ZTR-2 closes an auxiliary relay ZAR. The latter in turn makes 
the circuits of a sequence-action time relay 27R and with its contact ZA R-3 
feeds the operating current to the first-sequence automatic starting bus. The 
sequence-action relay 27R determines the intervals at which the next of the 
machines in the sequence will be turned on. The intervals At between the con- 
trol pulses are preadjusted by setting the programming relay within the range 
of 10 to 120 s. The machines are connected sequentially at different intervals: 
by means of operation keys OK and auxiliary relays UFR. The contacts of these 
relays close the automatic starting circuits of the corresponding machines.. 

The sequence in which the various devices are used in connecting the hydro- 
electric generator for parallel operation is shown in Fig. 6-9. 

In case of an emergency fall in the frequency, the starting device of the 
hydroelectric generator may function in conjunction with an automatic opera- 
tor, if it is available at the hydroelectric station. 

The automatic operator promotes timely connection and disconnection of 
the generating units in the process of frequency, real power and power flow 
regulation as dictated by the changes in the station load (according to the- 
load schedule) or the most economical requirements of the water flow determin- 
ed by a load setter (an electronic computer in this case). 

The general requirements to the automatic operator equipment are as follows: 

1. The hydrogenerators are started and shutdown as dictated by the water 
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Fig. 6-8. Automatic connection of hydroelectric generators when power system 
frequency falls 
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Fig. 6-9. Suggested sequence of operations in automatic starting of hydroelec- 
tric generation unit 
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Fig. 6-10. Group speed regulation with hydro- 
electric correctors 


(a) a.c. supply to corrector; (b) dc supply to 
corrector 


head and load of the working gene- 
rators so that the most economical 
working of the entire pc wer station 
is achieved (with due considerations 
to the method of equal relative 
increments and losses in the trans- 
mission lines) and that the specified 
amount of spinning reserve is en- 
sured. 

2. When the power system fre- 
quency falls below the rated value 
automatic actions must be effected 
to start the stand-by generators and 
to change over the generators ope- 
rating as synchronous capacitors 
to the generation duty. 

3. The first generator of the 
stand-by units in the sequence shall 
be started when one or more of the 
working generators are disconnected 
due to a fault, or when a hydro- 
generator is disconnected from the 
group automatic regulation system 
for some other reason than the auto- 
matic operator’s action. 

4, When the power system fre- 
quency drops, the group control 
device (the load controller) shalk 
be automatically acted upon so that 
all the generating units controlled 
by this device take a maximum re- 
sistive load even if it exceeds the 
value preassigned by the load sche- 
dule. 

Diagrams explaining the princip- 
les underlying the group power re- 
gulation of the power station units: 
are given in Fig. 6-10. 

Control solenoids Z and 2 of the 
hydroelectric correctors of the hyd- 
roelectric turbine primary speed 
governors are connected so that 
when the current flows in the sole- 
noid coils are balanced, the oil sy- 
stem of the corrector is turned off, 
i.e., the oil flow ports are closed. 
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If the current flow in coil 2 is greater than that in coil Z, the oil system of 
the corrector actuates the booster lever of the primary speed governor to close 
the gate apparatus. The reverse takes place, when the current flow in coil J 
is greater than the flow in coil 2. The degree to which the gate apparatus is 
opened is controlled by synchros operating as transformers. If an alternating 
current voltage is applied to the rotor coil of such a synchro, the emf at the 
output of the stator coil will change when the rotor turns. 

The use of synchros makes it possible to install the equalizing circuit at . 
the central control station and utilize small gauge connecting cables. 

In the circuit shown in Fig. 6-10a each synchro 4 is connected into the equal- 
izing circuit through a control switch CS of the machine involved in the auto- 
matic group control. Under normal operating conditions the torques of sole- 
noids J and 2 are balanced. If one of the machines has changed its load, the spa- 
tial position of the synchro rotor will change and an additional emf will appear 
across the stator output. 

Relative to the voltage vector feeding the equalizing device, the additional 
emf will be of different phase shift, depending on the position of the gate appa- 
ratus. As a result, the current will rise in coil 2 of the governor corrector of 
the generator which was the first to take the incremental load. Accordingly, 
the current in coil 7 will decrease and the gate apparatus will start to slowly 
close. As this happens, the current flow in coils 2 of the correctors of the speed 
governors of the other generating units will decrease, while that in coils Z 
will increase and the gate apparatus will start to open gradually. 

Data on the effects of external factors (total load of the station, power flows 
and the like) may be introduced in the regulating process. To this end use is 
made of an intervening coupling transformer CT, the secondary emf of which 
is fed to the equalizing circuit via reactance coils RC, and RC,. 

With the hydroelectric speed governor correctors employing solenoids Z 
and 2 made as d.c. electromagnets (Fig. 6-10b), the output voltage of synchro 3 
depending on the position of the gate apparatus is rectified by rectifiers 4 and 
fed to the equalizing circuit through variable resistor 5. Operation of the device 
is similar to that of the corrector described above. Control coils Z and 2 of the speed 
governor hydroelectric corrector of each machine participating in the group 
regulation are connected to the equalizing circuit by auxiliary relays AR. 

In order to avoid readjusting the group control device, when one of the 
machines is tripped, ballast resistor 6 is cut in by auxiliary relays AR, the 
contact position of which depicts the operating state of the machine. 


6-6. Frequency and Power Control in Integrated Power 
Systems 


When designing integrated power systems, the operation of AFP&FC 
devices is considered as part of the automatic load-dispatching process. 

As intimated above, the performance of a power system is determined by 
correct forecasting and assigning the loads, by considering the power resources 
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available and the condition of equipment (in particular, the maintenance it 
needs) weather conditions (lightning storms, high winds, ice and sleet storms, 
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Fig. 6-14. AFP&FC in Siberian integrated system 


AFC — automatic frequency control regulator; APFR — automatic power flow regula- 
tor; 1 PFL and 2 PFL — ist and 2nd real power flow limiters; DD — unscheduled 
power distributing device; UPC — unscheduled power controller; UFC — unscheduled 
power flow controller; fa actual frequency; f ,— specified frequency; P, — actual 


value of real power flow; Psp specified setting of regulated flow of real power; 
Pai specified setting of limited flow of real power; CRA — communication and remo- 


te-control apparatus; the broken lines show remote measuring channels. The dash-and-dot 
lines show remote-control channels 


maximum and minimum temperatures, etc. for all areas), the situation with 
water and fuel, determining their consumption rate, (i,e., decrease in genera- 
tion output.from power stations operating on coal, gas, oil); ensuring a certain 
power output by different power stations (for example, heating and power 
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plants, atomic power plants, high-pressure stations with generating units prov- 
iding stable operation only at constant load parameters), etc. 

The above circumstances are taken into account when preparing 24-hour 
load schedules for the integrated power system as a whole, individual power 
systems, individual power stations and for the power flows over the main tie 
lines. These days computers are used to prepare daily loading schedules. 

With proper planning and load allocation, frequency changes in integrated 
power systems are minute and the frequency control can be allocated to either 
a group of small power stations or one large-rated power station. 

The “optimization” task is then reduced to remedying unplanned load 
variations. 

An integral part of the system regulation scheme in a large power engineer- 
ing centre is a periodically operating flow regulation system, since unplanned 
changes in the load may first of all affect the intersystem and system links. 
In the complex power engineering centers, the flow regulation must be con- 
trolled from one centre by a logic device redistributing the specified load among 
the power plants in order to prevent disturbances to the tie-line stability. 
At present, this problem is not yet fully solved. 

It was proposed that the duty of handling unscheduled real load variations 
which generally did not exceed 2 to 3 per cent could be fulfilled by the AFP & FC 
system in the integrated power systems so that the specified schedules could be 
executed by local personnel manually or, which was much better, through the 
group control system. The controllers of these systems fulfil the specified load 
schedule with the required corrections in the frequency and power flows over the 
branching transmission lines. 

Figure 6-11 shows the block diagram of an AFP&FC circuit used in the 
Siberian integrated power grid which includes the Nazarovsk, Novosibirsk and 
Bratsk electric power stations, the central load-dispatching departments of 
the Novosibirsk, Krasnoyarsk and Irkutsk power systems and the load-dis- 
patching department of the Siberian integrated power grid [68], 

The following duties are automated: 

4. Frequency regulation by the criterion 


ti 
K j Afdt+ Si AP. =0 (6-7) 
to 


by means of a frequency regulator, 

2. Regulation of the intersystem real power flow over the 500 kW trans- 
mission line from the Nazarovsk power station to the Novo-Anzherskaya substa- 
tion by the criterion 

Pa 


KS AP yz dt-+ X; APy=0 (6-8) 


to 


with the aid of a power flow regulator. 
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3. Combined regulation of the frequency and intersystem power flow over 
the transmission line from the Nazarovsk power station to the Novo-Anzhers- 
kaya substation with simultaneous operation of the frequency regulator and 
the power flow regulator by the criterion 

t l4 
K | Afdt+ KK. | Pydt-+ >) APa=0 (6-9) 
to to 


4. Frequency regulation with a specified allocation of unscheduled power 
among the receiving and sending parts of the power system by the criterion 


ti 
K j Afdt+ KK-KunsonAP n+ >| APs =0 (6-40) 


is accomplished by the simultaneous operation of the frequency and power flow 
regulators. 

Power flow is limited by limiters 7PFEL and 2PFL which function when 
the actual power flows (Pa) over the lines under supervision exceed the rated 
values corresponding to the settings (P;, ;), i.e., when Pa > Ps. 1. 

When an output signal is available, the power flow limiter operates as 
a regulator by the criterion 


ti 
K j AP pq) dt + © APs: =0 (6-11) 
to 


performing transient regulation of the critical specified power flow over the 
transmission line, i.e., when Pa = Ps. 

When the causes of the line overload disappear, the limiters reset and the 
power stations involved in the regulation automatically return to the power 
scheduled operation. 

In expressions (6-7) through (6-11) Af, AP;, and APfro are departures of 
the actual values of frequency and power flows from those given for regulation 
and limitation of settings (Af =fop — fs. APs: = Pjr — Psm AP tuo) = 
= Pa — Ps.,); SAP; is the total unscheduled power of the regulating power 
‘stations; K is a coefficient; K, is a circuit coefficient; Kunsen is a coefficient 
determining the allocation of unscheduled power among the power stations 
of the sending and receiving parts of the integrated power system. 

The regulating system ensures unloading of the transmission line by AP}, = 
= 0.6 (Pa — Ps.) = —(60-100) MW in the aperiodic process of power flow 
limitation with a time constant of 15 to 20 s and suppression of power flow 
swings having a cycle of 2 to 3 minutes. The power flows are maintained by the 
frequency and power flow regulators astatically within a period of 15 to 20 min. 

To prevent misoperation of the regulation system in case of equipment 
faults and isolation of some parts of the 500-kV transmission lines, protection 
and interlocking systems which send alarm signals to station personnel are 
provided. 
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When installing the AFP&FC devices in integrated power systems the 
following must be taken into account. 


(a) The central power system C is connected with periphery power systems P 
by limited capacity tie lines. Power drawn off by the intermediate substations 





Fig. 6-12. Examples of combining individual 
power systems into integrated power system 


(a) by radial peripheral tie lines (FC — correction 
of critical power flow XF by section flow); (b) with 
tie lines through intermediate power systems (in 
tie line P1-P2 real power flows may be either from 
P2 to P1 or vice versa); (c) by ring tie links 
(1 — unloading internal tie lines being overloaded) 





of these tie lines has no perceptible effect on the c.itical permissible value of 
real power flows (Fig. 6-12a). 

Unscheduled changes in the loads make the frequency depart from the 
rated value. The primary speed governors of all paralleled generators, frequency 
correctors of the group control devices of power stations and the central fre- 
quency regulator of the integrated power system respond to these departures. 
Under the action of these devices the load is to some degree redistributed and 
1401513 
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the power station generators intended to handle the unscheduled variations 
of the load are switched in by the central frequency regulator having the least 
steady-state stability, the load sharing being as preassigned. 

An increase in the generation of the outlying power systems caused by the 
action of the frequency regulator may result in a dangerous overload on certain 
tie lines. Overloading may also occur if the central power system undergoes 
a lack of power due to disconnection of its generators or one of the outlying 
tie lines supplying the centre. The outlying tie lines can be kept in operation 
and the generation output of the integrated power system used to the maximum 
by timely unloading of the overloaded tie lines and prevention of real power 
flows over these lines in excess of the permissible values. 

This limitation is accomplished by the power flow limiters installed on the 
tie lines. The limiters perform unloading operations, if necessary. With the 
network shown in Fig. 6-12a power flow limitation is obtained by automatic 
reduction of the output of the power stations (or one station used for the pur- 
pose) of the periphery power system supplying the overloaded tie line. 

The setting of the group regulator power controller is controlled by the 
power flow limiter. The control signal is transmitted with the aid of remote 
control devices or by local control means. 

(b) The central power system C is connected to the peripheral power systems 
as shown in Fig. 6-12b, the peripheral power systems being series-connected to 
each other (“chain” scheme). 

Limitation of power flows in the terminal ties should be performed by the 
limiters installed on the tie lines so that the unloading of the assigned power 
Stations is effected in the terminal power systems, depending on which of 
the tie lines is overloaded. 

Over the tie line P1-P2 real power can be transmitted from power system P1 
to P2 and vice versa. 

When power flows from P1 to P2 over the P1-P2 tie line the real power flow 
may be limited by increasing the generation of P2. This, however, may be 
permitted only if the C-P2 tie line is underloaded and will not be overloaded 
after the power stations of system P2 raise their load. This condition is assured 
by introduction of prohibitive blocking from the P2-C tie line power flow 
limiter. 

Removing a dangerous power flow over the P1-P2 tie line can be made by 
the central regulating device which receives information about the loads on 
individual parts of the tie lines from the remote control channels. For example, 
the P2-C tie line may be unloaded by increasing the loads on the power sy- 
stems P3 and PA. 

The fulfilment of such a “thinking” automatic device in the central regulator 
complicates the design and in the cace of very complicated circuits a computer 
is needed to determine the required load with minimum losses. In the first 
stages of establishing an automatic power flow limiting system a simple version 
should be designed. Later, this simple version may be used as a back-up one. 

When no “thinking” automatic device is available in the central regulator, 
the required operations for increasing the load of the intermediate power systems 
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in order to reduce the power flows between these systems and the terminal peri- 
pheral systems are performed on the order of the central dispatcher or by local 
personnel on their own from instrument readings. To prevent dangerous over- 
loads, the intermediate tie lines should be equipped with limiters to separately 
check the total amounts of incoming and outgoing real power. The limiters 
unload the intermediate power system stations when the tie line over which 
power flows to the central system is overloaded, or loads these stations when 
the tie line with incoming real power is overloaded while the tie line with 
outgoing real power is underload. 

A limiting system utilizing the above-described principle is operating 
in the power grid of the European part of the USSR on the Centre—Lenin 
Volga hydraulic power station—Ural tie line. 

After accomplishing the local limiting power flow systems on the inter- 
system tie lines, the frequency regulation may be placed with the central regu- 
lator without the risk of dangerous overloads. When unscheduled real power 
variations occur, the central regulator activates the generating units of the 
regulating power stations (directly or through the centralized control devices 
of individual systems contained in the integrated system), while the other 
power plants continue to follow the assigned schedule. 

The task of the load-dispatching personnel engaged in operating the system 
is to ensure a needed real power spinning reserve at the regulating (pilot) po- 
H Tai and that the flow of that power over the transmission lines is not 
blocked. 

(c) The integrated system is obtained by ring connecting individual regio- 
nal power systems. The central AFP & FC regulator is installed at the load- 
dispatching department of the integrated power system (Fig. 6-12c) and it 
can control the regulating power stations in each of the power systems (di- 
rectly or through the AFP &FC devices installed at the load-dispatching de- 
partments). The load share is set by the central dispatcher with regard to the 
operating conditions of the integrated system and individual power plants. 

The assignments worked out by the central regulator are then corrected 
and limited to the real power flow values of the intersystem tie lines. The 
total incoming and total outgoing real power is considered (balancing of the 
power flow) as well as the critical real power flows permissible over certain 
tie link sections. 

Real power flow limiters should be also provided to unload the internal 
ties by removing the load from individual power plants of the given power 
system. The best results are obtained by changing the real power value at 
the power plants electrically close to the overloaded transmission lines. At 
the present time the AFP&FC system in the ring integrated power systems 
is being studied. Therefore, the above should be regarded as a version to be 
verified and studied additionally. Some organizations plan to use a high- 
speed electronic computer for the AFP & FC devices of this integrated power 
systems with remote-control data input and control pulses output. 
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6-7. Magnetic Power Transducers 


An essential component of the AFP&FC devices is a real power transducer. A magnetic 
power transducer with no moving parts performs well and reliably. For the circuit of such 
a transducer see Fig. 6-13. The current flows in the rectifiers 7RB and 8RB are proportional 
to squares of voltages U, and U,, i.e., i, = yU} and i, = yU?, owing to the nonlinear 
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Fig. 6-13. Magnetic power transducer 


(a) circuit; IT, 2T, 5T and 6T — intervening transformers; 3SI, ¢SI — saturable ine 
ductors; 7RB and &RB — rectifying bridges; 9R-13R — series resistors; 14C-17C — 
capacitors; (b) explanatory diagram; U, = U,z,=@U,p; Us = Ely 


characteristics of the saturable inductors 3S7 and 4S7 and also to the choice of resistors 
9R, IOR and capacitors 74C and 15C at the output of the intervening transformers 57 and 
6T of the phase-sensitive circuit. 

From Fig. 6-413) 


Us=V (U2+ U3 cos 9)2-+ (Ug sin p)? (6-12) 
and 
U,=V (U1—U; cos 92+ (U3 sin 9)? (6-13) 


The resultant effect of the power transducer at the input of the actuator unit is determined 
by the resultant current 
(6-14) 


Tres = ig— hy 
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Since i = U2; i, = U2; I, = U3; Uap = (U, = U) 
then 
Ires = ky [(U2 +U} cos 9)? + (U3 sin ©)? — (U4 —U cos 9)? — (U; sin p)?] 
i.e. 
Dregs kU a pla cos@ 
where k is the proportionality factor which is controlled by tap changing on the intervening 
transformers 77, 27, 5T and 6T. 


6-8. Conclusions 


1. Automatic control of frequency and real power improves the power qua- 
lity and makes economic loading of the generating units possible. This control 
is feasible, if a spinning reserve of real power in the power system is available 
and the tie links have sufficient transmission capacity so that the use of this 
reserve is not hindered. 

2. The primary speed governors of the turbines installed on each genera- 
tor-turbine unit are essential operating elements of the generating units and 
ensure their operation in case of changes in the electrical load of the gene- 
rators. The primary speed governors (generally centrifugal) act on the steam 
(water) supply to the turbine via a speed changer and determine the primary 
regulation characteristic, i.e., the dependence of speed on load. 

3. For the generating units furnished only with primary speed governors 
and not included in the group control system, the share in handling the chan- 
ges in the external load is inversely proportional to the steady-state coeffi- 
cient of the regulation characteristic. If the generating units are included in 
a group control system the load may be properly allocated by actuating the 
electrohydraulic or electromagnetic correctors provided in the primary speed 
governing devices. 

4. When a spinning reserve of real power is available in a large power sys- 
tem the frequency is held stable at the nominal level by the combined action 
of the primary speed governors of the paralleled generating units. The larger 
the rating of the power system, the less the frequency hunting about the mean 
value. 

5. When the machines of a multi-unit power station have a group control 
system the given power station may be considered in the AFP &FC system 
as a united whole. The load is allocated among the generating units either 
by the equalizing system with a preassigned share of each machine in the total 
generation or on the basis of equalizing the incremental fuel consumption 
(costs) per 1 kW of generation. 

6. The operating conditions of a power station with a real power group 
control system depend on the power controlled setting. This setting is accomp- 
lished either according to a prescribed schedule or is assigned by the duty 
personnel. The assigned values are corrected by the frequency corrector which 
determines the relation f = @ (P) for the given power station, the losses in 
the networks delivering power to the power system also being taken into ac- 
count. 
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7. At the thermal stations the operation of the real power group control 
devices should be coordinated with that of the automatic heat control devi- 
ces. The electrical load of a generator must not be higher than the turbine 
entry steam pressure. When the load suddenly drops the automatic safety 
devices should not function and the generating unit must continue to operate 
bia the range from idling to supplying the house circuits of its own power 
station). 

At the power stations responsible for district heating the AFP & FC devices 
should not interfere with the normal heat supply. 

8. At the hydroelectric power stations, the work of the AFP & FC devices 
should be combined with the action ‘of the automatic controls connecting the 
stand-by generating units (either shutdown or used as synchronous capacitors) 
to the group control system when the power system frequency falls to 48.8- 
49.7 Hz or when the station lacks generation to properly cover the specified 
load schedule. When the frequency falls to 49.5 Hz the setter of the group cont- 
rol device must automatically change to a setting which ensures the maximum 
generation of real power. 

9. The real power group control devices and the load schedules for large- 
rated thermal stations not enveloped by a group control system, make it pos- 
sible to run the power system without frequent interference by the attending 
personnel to the operation of individual power plants and generating units, 
Economic and reliable operation of a power system is dependent on a well de- 
signed foresight load schedule. Unscheduled variations in the load (against 
the daily load schedule) should not exceed 3 per cent of the planned load. 

10. Unscheduled loads manifest themselves by a change in frequency from 
the rated (preassigned) value. Unscheduled load variations and reestablishment 
of the frequency is placed with a small number of frequency-regulating power 
stations which must possess a required flexible power reserve. For this the 
most suitable are hydroelectric power stations, then water storage and gas- 
turbine power stations. Less suitable for the purpose are the powerful gene- 
rating units of thermal stations as load changes have to be combined with the 
operation of the automatic heat control devices which generally results in 
uneconomical operation. 

11. If only one frequency-regulating hydroelectric power station deals with 
the removal of an unscheduled load burden one frequency regulator at the 
station is sufficient. The “increase” or “decrease” effect of the frequency regu- 
lator on the group control system must be corrected to the value of real power 
flows over the lines connecting the power station with the power system and 
stopped by the flow limiters installed on the tie lines. 

12. When several regulating power stations are used, to remove an un- 
scheduled load from the power system, they may be operated by a group control 
system from the load-dispatching department of the power system. The real 
power value which corresponds to the share of the respective power plant to 
cover the unscheduled load is assigned at the system. 

Each power station assignment is corrected by a frequency corrector which 
stops the transfer of control pulses when the frequency decreases or increases 
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beyond +0.2 Hz from the rating or it also creates a steady-state stability 
P = g (f) for executing the assignment within the range. 

13. The amalgamation of individual power systems into one integrated 
large power grid makes it necessary to use several power plants in various areas 
to handle unscheduled loads and to prevent overloading of the tie links to 
a value dangerous to the steady-state stability. 

These tasks can be fulfilled by the central frequency, power and power 
flow regulator which operates in conjunction with the flow limiters on the 
overloaded tie links. The input of the variables under control to the regulator 
from remote plants and the output of control pulses are carried out by the re- 
mote control devices. | 

The effect of the power flow limiters on the central regulator should be 
backed up by the local power flow limiters which determine the critical value 
of real power transmission from system to system (the power “balance” on the 
tie links) and effect the unloading of the power plants in the given power system 
to limit the power flows. The unloading of power plants electrically close 
to the overloaded tie line is most effective. 

Special attention should be paid to organizing an automatic power flow 
limiting system in order to completely utilize the transmission capacity of the 
tie links between the power systems and power plants of the integrated grid. 
This system must be installed in the first place, even if it is used in the future 
as a stand-by one. 

14. It is necessary and in principle possible to use an electronic computer 
as a central frequency, output and power flow regulator to take into account 
the diversity of the factors encountered in the current service of the power system 
and determine the efficiency and reliability of the grid system operation. 
Researches on these lines are now conducted by a number of scientific organiza- 
tions. At first it is planned to use the computer as an “adviser” to the dispatcher 
and then as a machine to control the operation of the integrated power systems. 


6-9. Review Questions 


1. What is the significance of the automatic control of frequency and real power for 
operation of a power system? Name the advantages of automatic control over manual control. 

2. What are the permitted frequency deviations specified in GOST Standards as to 
the quality of power supply? l 

3. What are the measures taken by the load-dispatching personnel to maintain the fre- 
quency within the permissible limits? 

4. n automatic frequency control possible in a system having no real power spinning 
reserve? 

5. Substantiate the expediency of automatic reconnection of shutdown hydroelectric 
generators when the power system frequency falls. 

6. What is the purpose of the turbine speed governors? When the electrical load on a gene- 
rator increases does the primary speed governor increase or decrease the fuel (water) supply 
to the turbine? 

7. What are the regulating characteristics n = ọ (P) ensured by the primary speed 
governors? What is the steady-state coefficient of these characteristics and its effect on the 
allocation of load among paralleled generating units? 
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8. What is the purpose of the turbine limiters as to the upper and lower limits of cont- 
rol? What is the position of the limiters during proper operation of the speed governors 
and the automatic heat control devices? 

9. What is the purpose of the automatic safety device of a turbine? What are the crit- 
ical speed limits of high-speed turbogenerators and low-speed hydroelectric generators? 

40. What are the secondary regulators of frequency and power? Describe the methods 
used in the group control of the generating units employed in multi-unit thermal and hydro- 
electric stations. 

44. How is the economy of operation of individual generating units considered when 
group control of the real power generation of a thermal station is accomplished? 

12. What is the allocation of load among the generating units by the method of relative 
incremental reference fuel consumption (labour costs)? What is the possibility for automatie 
preparation of assignments for individual generating units and power plants? 

13. When must corrections or limitations to the power flow over outgoing tie lines in 
the real power regulation law by the generators of a given power station be introduced? 

14. To cover the real power deficit in the power system all generators everywhere init- 
ially take part in accordance with the steady-state characteristic of the primary speed gover- 
nors. How should one ensure that the real power deficit is met by the generating units of the 
power plant assigned for frequency regulation? 

15. What are the causes of regular swings in power flows between power stations and 
power systems operating in parallel? Should the power flow regulation system and the power 
flow limiting system suppress these regular swings? 

16. What are the principles underlying the automatic limitation system of real power 
flows between the terminal power system and the central system, between intermediate power 
systems, and between power systems combined into a ring grid? : 

17. How is it that the frequency stability increases with an increase in the generation 
output of an integrated power system and why are a limited number of power stations whose 
generating units are under the effect of the frequency regulator sufficient to hold the frequency 
constant? Name the variants of regulating the frequency, real power and power flows 
(AFP&FC) in the integrated power systems. 

18. What automatic controls make it possible for a power station to operate against 
a preassigned real-load schedule? What are the specific features of group control at hydroel- 
ectric and thermal power plants when these plants are intended for handling unscheduled 
loads of a power system? 

19. What are the requirements for a combined AFP&FC system in an integrated power 
system? What are the functions of the central reguiator? Is it possible to use a high-speed 
computer as the computing device of the central regulator? What is the purpose of the power 
flow limiters acting on the generators of local power plants of individual power systems? 

20. Describe the principal advantages of automatic control of frequency and real power 
used in integrated power systems over manual control? How do operators participate in 
the automatic control of frequency, real power and power flows over the intersystem links? 

21. A tie link of two parallel lines connects two power systems A and B. The flow of 
real power is from the power system A to the power system B. Owing to disconnection of 
some loads of the system A at the hours of minimum demand, the power flow over the tie 
lines to the power system B rises and approximates the steady-state stability limit. What 
actions must be performed by the power flow limiters at the power plants of the systems 
A and B when the pickup setting is reached? 

22. In the case above, the power flow regulator is inoperative. What steps should 
the attending personnel of the power system take? 


Chapter Seven 


RAPID PARALLELING OF SYNCHRONOUS GENERATORS 
AND PARTS OF POWER SYSTEM 


7-1. General 


To prevent or eliminate faults, the rapid connection of stand-by generators: 
and the reestablishment of synchronous operation of those parts of the power 
system which had been sectionalized due to asynchronous operation are very 
important. In this connection special researches were undertaken to find me- 
thods which would enable synchronous machines and parts of the power system 
to be quickly, automatically or manually, brought into parallel operation when. 
the power system operates on abnormal frequency and voltage. 

When the power station and the power system operate under normal operat- 
ing conditions, parallel connection of synchronous generators and compensators- 
having starting motors is to be performed as a rule by the precise synchronizing 
methods[7-1]1, In particular this applies to the turbogenerators with indirect 
cooling of the windings working into the generator voltage busbars and also 
to generators with directly-cooled windings and synchronous machines with. 
winding reception slots on the rotor. 

Accurate synchronization is effected when the following conditions are 
satisfied: 

The speed of the excited generator is regulated so that the frequency of the 
generator equals that of the circuit, the slip of the rotor of the generator being 
connected should lie within 0.3 to 0.4 per cent. 

The excitation of the machine should be set so that the voltage of the in- 
coming generator is exactly the same as the line to which it is to be connected. 

The incoming generator is connected to the line at the instant when the- 
vectors of the same phases of voltage and circuit coincide. 

When the above conditions are satisfied the generator is connected without 
current surges and short-time voltage dips, i.e., without arising of equalizing. 
currents and occurance of heavy swings. However, paralleling a generator by 
the precise synchronizing method requires much time and attention on the part 
of the operators. The operators’ work is especially difficult, when placing the 
parts of a power system into parallel operation under emergency conditions 
as in the case of a load frequency fall. The ACT-4 type synchronizer["-2) describ- 
ed below makes the work of the operating personne] much easier, as proper 
operation of the synchronizer is ensured both at the normal values of frequency 
and voltage and when the frequency falls to 45 Hz and the amplitudes of the- 
voltages being synchronized vary within +15 per cent of the rating. The great. 
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advantage of the ACT-4 synchronizer is that it uses no vacuum tubes and is 
ready for operation at all times. 

Among the methods which make it possible to quickly connect synchronous 
machines for parallel operation either manually or automatically, not only 
under normal operating conditions, but also in case of emergency are the self- 

synchronizing method and asynchronous 
| method for connection of a group of 
excited generators. 

As stated in reference!?-!] the self- 
synchronizing method may be used for 
emergency connection of generators and 
synchronous compensators regardless of 
their type, construction, cooling system, 
rating and wiring diagrams. The use of 
asynchronous connection calls for a pre- 

| liminary assessment of its suitability (see 





below). 
As regards the paralleling of synch- 
© ronous motors, they are usually started 
ad by the so-called across the line (direct 
ía) (8) () start) method (Fig. 7-1) in which the line 
Fig. 7-1. Connection of synchronous mo- Voltage is directly applied to the stator 
tors across the line winding. The rotor starts rotating under 
(a) direct start; (b,c) reactor start the action of an asynchronous torque. 


When a hyposynchronous speed is reached 
the motor is pulled in synchronism, as with an increase in the rotor speed the 
-current in the rotor winding and the torque rise to the input value (which takes 
place when the winding is constantly connected to an exciter) or after an abrupt 
increasing of the rotor winding current produced by the starting automatic 
devices [7-3]. [7-4], 

Large synchronous motors and compensators are usually started via start- 
ing reactors reducing the starting current. As the speed rises, the current value 
reduces. When the motor reaches a speed close to the hyposynchronous value, 
the automatic starting devices actuate the switches bypassing the starting 
reactor (the switch in Fig. 7-1b and the power disconnector in Fig. 7-1a) in 
order to increase the terminal voltage of the synchronous motor to the nominal 
value and raise correspondingly the starting torque to achieve synchronism. 

This Chapter deals with the methods for rapid connection of synchronous 
generators, motors and parts of a power system applied in the scope of automatic 
control systems. 


7-2. Precise Synchronization by Means 
of an ACT-4 Autosynchronizer 


The type ACT-4 synchronizer gives a connecting pulse during the interval 
when the emf vectors of the incoming machine and the line voltage approach 
each other, i.e., when the angle ô changes from 270 to 360 degrees. The control 
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signal sending point is select- 
ed so that the time of switch 
closure is taken into account, 
i.e., that the contacts of the 
switch are made at an angle 
ô close to 360 degrees. In this 
case the excessive shaft torque 
of the machine is small and 
the generator achieves synch- 
ronism at once without hunt- 
ing and without asynchronous 
running. 

If the time from the instant 
the signal is sent to close the 
switch is constant and equals 
ters the synchronizer must pro- 
duce the contro] pulse tread = 
= ĉes before the angle ô rea- 
ches 360 degrees, i.e., the con- 
trol pulse is leading. 

The leading time is con- 
stantly independent of the slip 
frequency. With the type 
ACT-4 synchronizer the lead- 
ing time variations do not ex- 
ceed 3 electrical degrees at 
frequency differences ranging 
from f, = 0.25 Hz to f; = 
= 0.04 Hz. 

The essential elements of 
the ACT-4 synchronizer (Fig. 
7-2) are a differentiating trans- 
former, a lead relay, a frequen- 
cy difference control relay, a 


Fig. 7-2. Internal connection of 
type ACT-4 autosynchronizer 


1 through 5 — rectifiers; 6 — lead relay 
{LR — polarized<relay); 7 — frequency 
control relay (FCR — polarized relay); 
8 — voltage control relay (VCR — po- 
larized relay); 9 — auxiliary relay ZAR; 
10 — auxiliary relay 2AR; 11 and 12 — 
slip relays (F SR and FAR are auxiliary 
relays); 13 — time relay (TR — auxi- 
tiary relay); 14 — intervening trans- 
former; 15 through 19 — capacitors; 
20 through 40 — resistors; 47 through 
46 — bridges and switches; BC — 
block-contacts of switch 
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voltage difference control relay and a device for frequency alignment. The diffe” 
rentiating transformer and the lead relay are the elements which create the con- 
stant lead time of the control signal with regard to the optimum point, i.e., the 
instant when 6 = 360 degrees. 





Fig. 7-3. Diagram explaining operation of lead relay 
1 — voltage across secondary winding of differentiating transformer 


The primary winding of transformer 74 having a core with an air gap is 
connected to the beat voltage. First, the voltage is rectified by rectifier 7 and 
smoothed down by capacitor 15. 

During each beat cycle the rectified voltage continuously changes its value. 
As a result, an emf is induced in the secondary winding of the transformer. The 

secondary voltage changes its polarity at the maximum of the 
E primary voltage and, when the phase vectors of the generator 
AE and circuit emf coincide reaches its maximum amplitude 

(Fig. 7-3a). 

If the generator emf E, equals the circuit voltage U. then, 
in compliance with the diagram in Fig. 7-4, the voltage applied 
to the primary winding of the transformer 








AU = 2U. sin ge 2U,, sin Sa = 2U. sin ( met ) (7-1) 

Fig. 7-4. Expla- 

natory diagram where w, and f, are the angular velocity and beat frequency 
with slip s. 

The current flow in coil A of the polarized relay LR (Fig. 7-2) is proportional 


to this voltage 
li LR k,AU (7-2) 
Coil B of the relay LR is connected to the secondary winding of the differen- 
tiating transformer and carries a current 


ô (AU) 
ôt, 





ig ır = — ko 


(7-3) 
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In expressions (7-2) and (7-3) k, and k, are proportionality factors whose 
values are controlled by adjusting resistors 20, 21 to 23 and 28. 
In compliance with (7-1) the currents are 





is pp = k2U. sin (=) (7-4) 
and 
lo LR= — k,2U e DE cos ( we ) (7-5) 


The polarized relay LR is connected so that when the current flows in coils A 
and B are equal 
ty LRS i9 LR (7-6) 
the relay contacts drop out. 
As seen from (7-4) and (7-5), conditions (7-6) takes place when 








k,2U, sin ( Ds )= — ky2U e £> Bee ( Ost ) 











2 2 
i.e. 
Ost \_ _ k2 Ws 7 
tan (4) = ky 2 (7-7) 
With angles 6 being small 
st s 
tan (55) x SE (7-8) 
hence 
Wot i ky o p 
ae hs > (7-9) 
thus 
t= == — k; = const (7-10) 


regardless of the slip magnitude. 

The contacts of relay LR are dropped out before the angle reaches 360 de- 
grees, i.e., the drop-out takes place at a negative angle ô. 

It is seen from the diagram in Fig. 7-3, that the equality of sections a,b, 
and a,c, or respectively a,b, and a,c, occurs when the values ato and asto equal 
each other, i.e., the rigorously specified time to lead the optimum point is 
always observed. The lead time is repeated each beat cycle regardless of the 
difference between the frequencies and values of the voltages being synchron- 
ized. 

The possibility of determining the lead time teag from the condition of 
equality between the currents irr = kU, and isr = hk, 0U,/0t (where 
U, = beat voltage) can be also shown like this (V.L. Fabrikant). Let a length 
of straight line substitute for the beat sine curve Up = f (t) near the zero value 
point (Fig. 7-3b) [the approximate assumption corresponds to assumption (7-8)]. 
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From the triangle OAB, t = U,/tan a, hence t = 


connection circuit of the coils of relay LR. 

The difference between the frequencies of the voltages being synchronized 
is controlled by the FCR relay connected via rectifier 2 to the beat voltage. 
The relay functions when its terminal voltage becomes equal to or less than 
the drop-out voltage. For each setting the drop-out voltage is determined from 
the expression 


Un . 
Wi which determines the 


2Nfs ptiead 
2 


Ogo= 20e sin (7-11) 
where U, = value of the voltages being synchronized 
fs p = permissible specified difference of the frequencies of the voltages 
being synchronized 
tieag = time to lead the optimum point which is equal to the own closure 
time of the switch 
The frequency at which the FCR relay drops out its armature (control of 
the drop-out frequency) is controlled by changing the values of resistors 39 
and 24 to 27. 
The capacitance of capacitor 76 and the value of resistor 40 connected in 
parallel with the coil of relay 7 are selected so that the decrease of the magnetic 





Fig. 7-5. Diagram} explaining joint operation of lead and frequency contro 
relays 
tiead — optimum lead time; m — moment when frequency control relay picks up 


flux in the magnetic circuit of relay 7 to a value at which the relay armature 
drops out under the action of its spring takes place at a beat frequency f, < 
< (0.2 to 0.3) Hz. 

The drop-out voltage U,., determined by (7-11) is dictated by the condition 
of the joint operation of the frequency control relay and the lead relay. If the 
slip frequency is greater than the specified frequency fs p then, as seen from 
Fig. 7-5, it is the lead relay that drops out first leading the optimum point 
by the time tsaa. The frequency control relay having a drop-out setting selected 
by (7-11) is the second to drop out (at point m,). The connection circuit of the 
lead relay LR and the frequency control relay FCR is so designed that the 
switch cannot be closed in this case. If the slip frequency is less than the speci- 
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fied value f, p, the frequency control] relay drops out first (at point m,) and 
then the lead relay does. In this case the switch closes. 

Control of coincidence of the voltages being synchronized is performed by 
the relay VR (see Fig. 7-2). The beat voltage of phases! C. and Cg is applied to 
potentiometer 37. From the midpoint of the potentiometer and phase B common to 
the secondary circuits of the instrument voltage transformers, installed from the- 





Fig. 7-6. Diagram explaining operation of relay used to control coincidence of 
voltages being synchronized 
(a) U,= Ug 5 =0; (b) U, = Uy, 6 = 180% (0) U,>U 


b=0;d—U.> Uy 
E ö = 180° e 


a’ g 
line and generator side, the beat voltage is applied via resistors 29, 80 and 32 to 
the coil of d. c. relay 8 connected through rectifier 3. Capacitor 17 is connected 
in parallel with the coil of relay 8 and resistor 33, in series with it. Capacitan- 
ce 17 and resistance 33 are selected so that relay 8 drops out its armature at 
a beat frequency f, < (0.2-0.3) Hz. The value of the armature drop-out cur- 
rent of the relay can be controlled by switch 44. 

Shown in Fig. 7-6 are diagrams explaining the oceration of the relay con- 
trolling the coincidence of the voltages being synchronized. If the voltage- 
U. is equal in value and phase to the voltage of the incoming generator U g, 
then, as seen from Fig. 7-€a, the coil of relay VCR will have the voltage 


Upver=kV 3U pp, (7-12). 


where k= proportionality factor 
Uypn= phase voltage 
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When the vectors U, and Ug are 180 degrees apart, the voltage to the VCR 
relay is zero (Fig. 7-60). 

The relay functions upon drop-out of the armature, i. e., operation of the 
relay takes place when the angle ô rises to 180 degrees. 

If the voltages do not equal each other (U, > U,), then, when the vectors 
of the voltages being synchronized coinci de, they correspond to Fig. 7-6c and d 


3 A - 
Up VCR” k Ee (U ph. Em U ph. g) +y 3U pn. e] 
Or 


3 
Up ey es (U ph. ce +U pn. g) (7-13) 


When the angle 6 reaches 180 degrees, the coil of the VCR relay will have 
the voltage 


Drant (ata) (7-44) 


The voltage applied to the VCR relay when angle 5 = 180 degrees is deter- 
mined by the difference between the voltages being synchronized 


AU =Upn,e—Upn. g (7-15) 


The relay VCR drops out the armature each beat cycle within the region 
of angles close to 180 degrees. The armature is reattracted when AU increases, 

i. e., when the angle 6 approaches 360 degrees. The value of angle 6 at which 
the armature is attracted is a function of the reset coefficient of the relay. 

The relay shown in Fig. 7-2 operates as follows. If the difference between 
the voltages being synchronized does not exceed the specified value, then, 
when the voltage vectors are at an angle close to 180 degrees, the contacts of 
the voltage difference control relay VCR close (the VCR-J contact is closed). 
At the same time (during the first half the beats) the lead relay LR and the 
frequency control relay FCR function. 

The coil of relay ZAR is made by contacts LR-2 and FCR-2. The relay 
JAR functions and interlocks itself by contacts 7AR-J and JAR-2. Simultane- 
ously the contact JAR-3 of relay IAR prepares the circuit for operation of the 
output relay 2AR. The relay 2AR functions after the relay VCR has attracted 
the armature and closed the contacts VCR-2, the contacts LR-1 and FCR-I 
being closed at that time. 

The control relay 2AR must operate only when the frequency-control relay 
FCR drops out its contact before it is dropped out by the lead relay LR (Fig. 
7-5). 

This operation in the circuit shown in Fig. 7-2 is obtained due to the fact 
that the relay JAR is held in a closed position only in the case when the FCR-I 
contact of the lead relay closes before the LR-2 contact of the lead relay opens. 
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Deenergizing the relay ZAR results in breaking the circuit of the relay 2AR 
and thus prevents the switch from being closed. 

The circuit provides bypassing of the contact ZAR-38 by the contact 2A R-2. 
This is done to ensure self-holding of the relay 2AR through the contact FCR-I 
after operation of the relay 2AR. Capacitor 78 and resistor 34 are used to faci- 
litate operation of the contacts. The circuit of the relay 2AR is controlled by 





(¢) Yo 


Fig. 7-7. Voltage across coils of relays FSR and FAR (see Fig. 7-2) 
(a) when vectors U Ac and Ua coincide; (œ) when vector U 4 leads vector U Ac by 60 
degrees; (c) same by 180 degrees 


the blocking contact BC of the switch which is closed when the switch is opened. 

The frequency alignment device includes two slip relays FSR and FAR 
and one time relay. 

The operating principle of the device is as followsl7-5]; the relay FAR is 
connected via rectifier 4 and adjustment resistor 35 to the voltage Upar = 
Uag — Uc: (Aag is the phase A voltage from the generator side; U ce is the 
phase C voltage from the circuit side). 

The relay FSR is connected through rectifier 5 and adjustment resistor 
36 to the voltage Ursr = Ucg — Uce (Ucg is the phase C voltage from the 
generator side). 

The voltage is supplied to the coils of relays FAR and FSR from the in- 
strument voltage transformers of the circuit and the generator. The secondary 
circuits of phase B of the instrument transformers are interconnected. 


When the vectors U ag and Ù ac are in phase, the voltage on the coil of 
relay FSR is zero (Fig. 7-7). The voltage is at its maximum when the vectors 


Ù ag and U Ac are 180 degrees apart. Depending on the angle 6 the voltage 
AU rsr is determined by curve 2 in Fig. 7-8 whose equation is 


AU pen = 2U; pa sin È . (7-16) 
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No voltage will be applied to the coil of relay FAR if the vector Uae leads 


the vector U ac by 60 degrees. 
Depending on the angle ô the voltage AUpar is determined by the sine 
curve whose equation is 


AU pan = 2U; pasin (=) (7-17) 


The voltages applied to the relays FAR and FSR versus the angle 6 are 
shown in Fig. 7-8. 

The angle 5 is positive when the speed of the incoming generator is greater 
than the speed of the generators of the power system. 

The pickup settings of the relays FSR and FAR are the same. 

If the speed of the incoming generator is less than the speed of the power 
system generators the relay FAR operates first in each beat cycle. In this 
case the contact FAR-I breaks the cir- 
cuit of relay FSR and a control pulse 
“more” is sent by the contact FA R-4 over 
the circuit FAR-4 — FSR-4. 

If the speed of the incoming gene- 
rator is greater than that of the power 
system generators, the relay FSR will 
operate first, thus opening the contact 
oer - —— FSR-1 and closing the contact FSR-3. 

O° 60° 120° 180° 240° 300° 360° In this instance the relay FAR is rende- 
TE , red ineffective and its contact FAR-3 
Fig. 7-8. Voltage across coils of relays jJomains closed. A control pulse “less” 


t i : f 
Fee? A acces Be is fed to the speed control mechanism 


ween the vectors of voltages being syn- via the circuit FAR-3 — FSR-8. 
chronized The time relay in the circuit shown 
in Fig. 7-2 limits the duration of con- 
trol pulse to a certain critical value. This time is set to 0.2-0.3 s, which 
promotes equal duration of action practically independent of the slip frequen- 
cy of the incoming generator with respect to the power system generators. 
Limitation of the control pulse duration is obtained because the starting cir- 
cuit of the motor actuating the turbine speed control mechanism is triggered 
via contacts TR-8. 

The coil of auxiliary relay TR becomes energized when the FSR-2 or FAR-2 

contacts close. However, at the first instant of closure the coil of relay TR is 
bypassed by capacitor 79. After the capacitor 79 is charged the relay TR fun- 
ctions. The charging time of the capacitor determines the pickup time of relay 
TR. 
_ When functioning, the relay TR breaks the circuit of capacitor 19 with 
its contact TR-Z and connects this capacitor to resistor 38 with its contact 
TR-2 to discharge the capacitor and make the relay ready for the next opera- 
tion. The relay 7R remains closed until the relay contacts FSR-2 or FAR-2 
are closed, i. e., the relay TR functions every beat cycle. 
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Resistor 37 is used to control the voltage across the coils of relay TR and 
capacitor 79 in order to promote the control of the time delay of relay TR and 
the duration of the control pulse fed to the motor actuating the speed control 
mechanism of the turbine. 


7-3. Self-Synchronization of Generators 


Paralleling the generators by the self-synchronizing method is as follows: 

While yet unexcited, the machine is run up close to the synchronous speed. 

When the slip (s) is within +3 per cent, the stator winding becomes ener- 
gized. Next, the AFD device turns on the excitation. 

Under emergency conditions the above-mentioned amount of slip may be 
somewhat exceeded. In practice, cases have been noted, when self-synchroni- 
zation was used to parallel turbogenerators having a slip of +20 per cent and 
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Fig. 7-9. Connection of unexcited synchronous generator 
(a) connection diagram; (b) equivalent circuit diagram 


hydroelectric generators with damping coils having a slip of +15 per cent. 
The slip is positive, if the speed of the incoming generator is less than the the 
speed of the power system generators. 

The slip values at which the stator winding is connected to the power sys- 
tem voltage are usually dependent on the acceleration of the incoming machine. 
The higher the acceleration, the greater the positive slip at which the conne- 
ction may be performed. When connecting the generators by the self-synch- 
a method, the time taken by the transient processes does not exceed 

S. 

The equivalent circuit of a synchronous generator with a rotor connected 
to a damping resistor is similar to the equivalent circuit of a power transfor- 
mer, the primary winding of which is connected to the voltage, while the se- 
condary winding is connected to resistor R (Fig. 7-9). 

At the first moment the equivalent inductive reactance of the machine is 
at its least value and is determined} by the value of supertransient reactance 
xa (the reactance z, of the magnetizing leg is small). With time the free cur- 
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rents decrease with resulting reduction in their demagnetizing effect. The 
reactance zx, of the equivalent circuit increases. The equivalent inductive rea- 
ctance of the generator rises. 

After the free current in the damping coil of the rotor has decayed, the 
equivalent inductive reactance of the machine is roughly assessed by the quad- 
rature-axis transient reactance 2’ g. ; 

The free current in the stator winding, an aperiodic current caused by it 
in the rotor loops, and the free current in the damping coil decay within 0.04 
to 0.06 s, so that the greatest operating value of the 
stator current, when connecting an wnexcited genera- 
tor to the line voltage U, may be determined by the 
expression 


| 
con. s = 77 
f tat Ts 


where z, is the system reactance. 

Whether a generator is permitted to be connected 
by the self-synchronizing method depends on the value 
of I’con.s calculated with the aid of (7-18). If this 
value does not exceed the 3.5-fold value of the 
Fig. 7-10. Calculating generator rated current, no limitations are laid down 

circuit on the use of the self-synchronizing method for conn- 

ecting the machine to the power system under emer- 

gency conditions. It is taken into account, that with a chort circuit at the 
terminals of an excited generator the current flowing in the stator winding is 


| ee (7.19) 





(7.18) 





where z, is the design inductive reactance of the generator for the given time, 
ie., J’, is always greater than J;,,., and the generators are so built that 
they must withstand short circuits at the terminals and in the external circuit. 

Connecting the generators by the self-synchronizing method always entails 
a decrease in the voltage across the terminals and in the line connecting the 
incoming generator to the power system. 

The terminal voltage of a generator being synchronized (the busbar voltage 
U» in :Fig. 7-10) can be determined as follows 





Up =U. — gis (7-20) 
On the other hand, like in (7-18) for each point of time 
Ue 
ig= Ig+ Ts (7-21) 


where x, is the design inductive reactance of the generator. 
It follows from (7-20) and (7-21) that 


U,=U. (1— ee = ) (7-22) 
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If at the first moment z, = z, the voltage across the busbars will fall 
to 50 per cent of the rated value. As the generator is pulled into synchronism 
the voltage is reestablished on the one hand due to an increase in the genera- 
tor reactance (for example, za is about 3x4 for hydroelectric generators) and 
on the other, due to the operation of the forcing devices and excitation regula- 
tors. 





Fig. 7-14. Oscillogram of process of connecting a turbogenerator to another 
one equal in rating by the seli-synchronization method when slip s = 1% 


Shown in Fig. 7-11 are characteristic oscillograms illustrating the self- 
synchronization process, namely changes in the terminal voltage of the gene- 
rator stator, stator current and rotor current in time. The connection is per- 
formed at a slip s = 1 per cent!7-§], 

It is seen from the oscillogram that the voltage abruptly dropped to about 
50 per cent of the rated value at the instant of connection. As the starting cur- 
rent decays, the voltage recovers and reaches the rated value in 0.8 s. 

The pulling of the generator into synchronism after excitation has been 
applied is determined by the resultant effect of the following torques (7-71: 

(a) The excess torque Tex equal to the difference between the torque T; 
developed by the turbine with the given speed and the resisting torque 7, 
determined by the generator load. The excess torque accelerates the genera- 
ting unit. Under the effect of the turbine speed governor, the excess torque 
goes to zero when the generator speed becomes close to the rated value. 

(b) The synchronizing torque 7, developed by the generator due to the 
interaction of the rotor field, produced by the field current and the stator 
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ield. Its value is given by 
T= Pata, sin ô (7-23) 


where £4 ,; generator emf at a steady rotor current 


ô= angle between the vector Ez,, and the voltage vector U, 

(c) The reactionary torque T, eac developed by the rotor due to the intera- 
ction between the rotating stator field and the salient poles of the rotor. The 
maximum value of the reactionary torque is determined by the amount of 
load that can be carried by the unexcited generator operating in step with the 
power system. 

The reactionary torque is proportional to the square of the stator terminal 
voltage and varies in time with a doubled slip frequency 





T reac = Ub sin 2ô (7-24) 


where xy and zx, are the generator direct-axis and quadrature-axis synchro- 
nous inductive reactances. 

At the presence of a synchronizing torque, the generator pulling-in pro- 
cess is influenced by the reactionary torque, but not perceptibly, since the 
mean value of reactionary torque is equal to zero while the angle 6 varies 
from 0 to 180 degrees. At the absence of the synchronizing torque, the gene- 
rator may pull in synchronism under the action of the reactionary torque both 
when the voltage vectors of the generator and the line are coincident and when 
they are 180 degrees apart. 

In order to avoid pulling the generator in synchronism, when the voltage 
vectors of the generators and the line are 180 degrees apart, the excitation is 
applied (under the self-synchronizing conditions) till the generator has pulled 
in step, i.e., at a certain positive slip. 

(d) Mean asynchronous torque Tm.as developed by the generator when 
the rotor slips. Like the torque of an asynchronous motor, the mean asynch- 
ronous torque of a generator is produced by the interaction between the revol- 
ving magnetic flux of the stator and the currents induced in the closed loops 
and circuits of the rotor (field winding, damper winding and rotor core). 

The mean asynchronous torque of a generator is proportional to the square 
of voltage across the terminals of the stator winding and depends on the mag- 
nitude of slip. When the slip equals zero, the asynchronous torque is also equal 
to zero. When the slip increases, the torque rises too and reaches its maximum 
when $ = Se, (Fig. 7-12). y 

When hydroelectric generators are furnished with damper windings, the 
characteristic of asynchronous torque is somewhat different from that of hyd- 
roelectric generators without damper winding, namely, the maximum values 
of the asynchronous torque are shifted towards greater slips. 

The action of asynchronous torque always adds to pulling the generator 
in synchronism. 


RAPID PARALLELING OF SYNCHRONOUS GENERATORS 231 





A generator is pulled in synchronism as follows. When the generator runs 
at a speed below the synchronous one, an asynchronous torque arises after 
the stator winding has been connected to the line voltage. This torque adds 
to the generator speed and thus makes the slip smaller*. When the slip beco- 
mes comparatively small, the excitation is applied to the generator and a syn- 
chronous torque arises which pulls the generator in synchronism after several 


swings. In this case the influence of the reac- 
tionary torque is insignificant. 

The synchronizing process is considerably 
affected by the adjustment of the speed governor. 
With hydroelectric generators having no damper 
windings, the best conditions for self-synchro- 
nization occur when the gate apparatus is con- 
stantly open. In this case the slip must be posi. 
tive at the instant the connection to the circuit 
is performed and the excess torque at an hypo- 
synchronous speed must be within 0.15-0.2 of the 
Ll pated: 

The use of excitation forcing and automatic 
regulation devices reduces the time taken by 
the voltage recovery in the process of self- 
synchronization. However, if the generator stator 
winding is connected to the line at higher slips 
and the excitation is applied immediately after 
the blocking contacts of ¡the generator “switch 
have been closed, the use of an excitation forc- 
ing device may increase the amplitude of 
swings [7-6], 
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Fig. 7-12. Mean asynchronous 
torques of various types of syn- 
chronous machines 
T, — rated torque corresponding to 


generator power rating; 1 — for tur“ 
bogenerator; 2 — for hydroelectric 
generator with damper windings; 
3 — for hydroelectric generator with- 
out damper windings; 4 — for hyd- 


Due to the above, the excitation regulation 
and forcing devices are usually put into opera-  fopleptio generator Wen Le 
tion after the beginning of the self-synchronizing (R_, — resistaace of rotor winding: 
process and the excitation is generally applied — damping resistor) 
at a relatively small slip, up to +5 per cent. 
If the connection of the generators by self-synchronization is promoted 
with the excitation being applied only at slips less than +3 per cent, the ex- 
citation regulation and excitation forcing devices may be always connected 
to the excitation circuits of the generator. 


rot 
Rgamp 


7-4. Automatic Connection of Generators 
by Self-Synchronization 


The devices for automatic connection of the generators by self-synchroni- 
zation are used as starting elements for hydroelectric generators, wind-driven 


= * From the shutdown state hydroelectric generators having damper windings may be 
pulled to a hyposynchronous speed under the effect of an asynchronous torque when the gate 
apparatus is closed. The speed-up time of a hydroelectric generator lies within 8 to 12s. 
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generators, and engine-powered generators. With turbogenerators, automatic 
starting devices from the cold state are not used, since the bringing of a gene- 
rating unit into operation needs considerable time to warm up the turbine. 
However, the devices for automatic connection of the generator by self-syn- 
chronization may be applied at thermal stations to facilitate the connection 
of a warmed up machine or together with the ARC devices of the generators 
after a short-circuit fault on the.busbars has been cleared and the ARC devi- 
ces are operative. 

With a short circuit on the busbars the generators and the lines are discon- 
nected. The ARC device connects the busbars from the system side. If the 
reclosure is successful and the busbar 
voltage is recovered, the normal circuit 
of the power station is completed after 
connection of the tripped generators. For 
this, use may be made of an automatic 
self-synchronization device. The genera- 
tors are reconnected one after another 
after the speed has decreased to a value 
suitable for self-synchronization. 

It should be noted that the tripped 
generators may be reconnected also by 
the precise synchronization method by 
using the ACT autosynchronizer con- 
sidered in the foregoing section. 

Given below is a typical circuit of a 
Fig. 7-13. Starting characteristics of hyd- device which automatically reconnects 

roelectric generator the tripped generators by self-synchro- 

nization. The circuit is designed to be 

applied to hydroelectric generators being started according to the centre cha- 

racteristic and may be used for starting hydroelectric generators being started 
to the lowered characteristic. 

The starting characteristic of a hydroelectric generator in this case is un- 
derstood as the relationship between speed and time from the instant the con- 
trol signal is given. This characteristic is determined by the type of turbine, 
position of the turbine speed-adjusting mechanism, initial opening of the gate 
apparatus and the characteristic of the speed governor. 

Figure 7-13 illustrates typical starting characteristics of hydroelectric 
generators for different positions of the turbine speed-adjusting mechanism 
with the gate apparatus in the same position. Curve 7 corresponds to the centre 
position of the speed-adjusting mechanism, curve 2, to the lower and curve 3, 
to the upper position. The excitation is best applied at lowered speeds in the 
region of approach to the synchronous speed. In this case the generating unit 
quickly pulls in synchronism by increasing its speed under the effect of the 
asynchronous and synchronous torques. 

Hydroelectric generators are most often started against the centre or lower 
curves. Starting against the centre characteristic is advisable if the accelera- 
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tion of the generating unit does not exceed the value at which the unit pulls 
in step after application of excitation without. prolonged swings, otherwise 
starting is performed against the lower characteristic with subsequent opera- 
ration of the speed-adjusting mechanism to speed up the loading of the gene- 
rating unit. 

When starting against the centre characteristic, the starting position of 
the opening control mechanism is found experimentally and when starting 
against the lower characteristic, it is set in the normal starting position. In 
the former case the speed-adjusting mechanism is set so that the machine may 
be accelerated to about 101 per cent of the rated speed under no load condi- 
tions at the minimum practicable head, and up to 80 to 90 per cent in the 
latter case. 

A frequency-difference relay or a speed relay is used as the slip indicator. 
The circuit of the device for automatic connection of generators by self-syn- 
chronization (Fig. 7-14) utilizes a frequency-difference relay, type MPU-01. 
Semiconductor frequency-difference relays may also be used. 

To automatically start the generating unit, the duty key 7DK is operated 
to start automatic self-synchronization device and close contacts JC K-1 of 
the contactor ZCK or the contacts of the starting relay. 

Automatic starting of the unit will take place if the stop relay StR is dee- 
nergized and its contact StR-J is closed, the braking system of the generating 
unit is in good condition, the contact of the pressure transducer PT is closed, 
the excitation is removed from the machine, the AFD device is isolated with 
contact AFD-1 closed, and the main switch is in the OFF position with its 
blocking contact BC-1 closed. 

After the starting signal has been given, the relay SR closes and holds 
itself with the contact SR-J as the starting pulse may be short-time. The coils 
of the frequency-difference relay FDR are closed by the contacts SR-2 and 
SR-8. Simultaneously the contact SR-4 turns on the turbine starting device 
via the automatic process control circuit. 

When the machine reaches the hyposynchronous speed and the slip becomes 
equal to the setting of the frequency-difference relay (1 to 1.5 Hz) it will make 
its contacts. Since the contact making may be accomplished in a pulse-like 
manner (APY-01 relay), use is made of a pulse pickup relay PR which holds 
itself with the contact PR-1, while its contact PR-2 breaks the circuit of one 
of the coils of the frequency-difference relay, the coil being connected to the 
voltage transformers of the generator. The contact PR-3 closes the switch. 
The relay PR has a reset delay when its coil is deenergized.™ 

After the switch is set to ON, the blocking contacts BC-2 and BC-4 close, 
the contacts BC-1, BC-3 and BC-5 open. The contact: BC-1 opens the circuit 
of the coil of the relay SR and it will reset. 

The contact BC-2 turns on the AFD device. The contact BC-4 prepares the 
circuit of the trip coil, while the contact BC-5 breaks the tripping circuit of 
the AFD device. After the relay SR is deenergized, the entire device will reset. 
The relay PR becomes released and 0.2 to 0.3 s later the closing circuit of the 
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switch will open and the closing circuit of coil J of the frequency-difference 
relay FDR will be prepared. 
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Fig. 7-14. Automatic self-synchronization of hydroelectric generators 


After the switch is closed, the blocking contact BC-6 will turn on the motor 
of the gate control. The gate control gear moves until the limit switch GCM- 
operates, this is set in compliance with the load dictated by the automatic 
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loading requirements and set by the power regulators. If the generating unit 
isat fault, the stop relay StR functions. This relay also functions when the gene- 
rator is tripped manually with the aid of the contactor 2CK (by closing the 
contact 2C K-3) or when the output protection relay Pou: operates. 

The} relay StR holds itself with the contact S¢R-2 until the stopping pro- 
cess controlled by the time relay TR is completed. 

The contact SiR-Z opens the starting circuit. The contact StR-3 prepares 
the opening circuit of the main switch. This circuit is controlled by the con- 
tact of the gate apparatus GAC so that the opening pulse is given after the 
speed-adjusting gear has made the gate apparatus occupy the no-load position. 

The contact StR-4 breaks the “more” circuit of the motor of the speed go- 
vernor SGM. The contact. StR-5 makes the “less“ circuit. The speed governor 
starts to close the gate apparatus until operation of the limit switch of the 
speed-adjusting gear SAG-2. 

The SAG-2 contact opens when the gate apparatus is in the no-load posi- 
tion. By closing the GAC contacts a pulse is fed to open the switch. When 
the switch is opened manually by closing the contactor of contact 2CK-2, 
or when opened by the protection contact P,,;, the breaking circuit of the 
generator switch closes immediately without waiting for the gate apparatus 
to move to the no-load position. 

After the switch is opened, the blocking contact BC-6 opens the “opening” 
circuit of the gate control motor and the contact BC-7 closes the “closing” 
circuit. 

After the gate apparatus of the turbine has reached the starting “position” 
the contact of the limit switch GCM-2 opens the circuit of the motor. As this 
happens, the contact of SAG-I closes with the effect that after the resetting 
of the relay StR and closure of the contact StR-4 the speed-adjusting gear is 
set in the position in which the generator can reach the rated speed. 

The limit switch of the SAG-/ is so adjusted that it opens the supply circuit 
of the speed-adjusting gear motor, when the speed is somewhat greater than 
the rated value. The relay SéR resets after the shutdown process of the generating 
unit is completed, this is controlled by the setting of the programming time 
relay TR. This relay closes after the switch has opened (after the contact BC-8 
has closed) and the AFD device has been tripped (the AFD-2 contact has been 
closed). 

The contacts of the speed relay SpR are placed into the circuit if the star- 
ting operation is accomplished against the lower characteristic. In this case 
the jumper J is removed. The speed relay is adjusted to a setting of 85 to 95 
per cent of the rated speed and the limit switch of the SAG-J is adjusted so 
that it closes in a position corresponding to 80 to 85 percent of the rated 
speed. 

Shown by the dashed line in Fig. 7-14 are the circuits for connecting the 
AEC devices after the contacts BC-9 and AFD-3 are closed, i.e., after the 
switch and the field discharge automatic device have been closed. To control 
the AFD device manually, a contactor 4CK is used. 
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7-5. Speed Control Methods 


With the circuits for automatic connection of generators by self-synchro- 
nization the difference between the frequencies of the incoming unexcited 
generator and the line is most often controlled by means of a frequency-dif- 
ference relay. When generators are connected by the self-synchronizing me- 
thods manually, double frequency meters, connected to the voltage to be mea- 
sured via voltage regulators, may be used. 

In many cases the frequency-difference relay may be connected to the vol- 
tage transformers without voltage regulators, since the value of residual{vol- 
tage from the side of the unexcited generators is sufficient for proper opera- 
tion of the relay, and the frequency-difference 
relay, type WP4Y-01, functions if the voltage 
of the line is nominal. 

For the circuit of the WP4U-01 relay see 
Fig. 7-15. Coil J is connected through termi- 
nals 5, 6 to the voltage transformer of the gene- 
rator. The operating current of the coils is 55+ 
+15 mA and the resistance of the coils is 0.15 
Ohm. The current in the circuit of coils J is 
controlled by a rheostat having the range of 0- 
160 Ohm. The rheostat is designed! to carry 
Fig. 7-15. Connections of relay a current of 220 mA for 15 minutes. If the resi- 

MPU-04 dual voltage of the generator fails to promote 
proper operation of the frequency-difference relay, 
coil 7 is connected through a voltage regulator. 

Through terminals 7 and 8 coils JJ are connected to the voltage transfor- 
mers at the line end. The rated voltage is 100 V. The drawn power at the rated 
voltage is 35 VA. When the voltage across coils JI and current in coils J chan- 
ge, the pickup setting spontaneously varies within the limits of 1.8 to 0.35 Hz, 
a disadvantage of the design which is now remedied. The manufacture of 2 
semiconductor relay, type PPH, is now underway. 

The frequency-difference relays in the circuits for automatic self-synchro- 
nization may be replaced by a speed relay. Sometimes, such a relay is instal- 
led additionally, like when starting against the lower characteristic. 

A voltage relay supplied from an auxiliary synchronous generator carried 
by the rotor shaft of the main generator can be easily used as a speed relay. 
Such a generator is called a tacho-generator. It may supply the coils of the frequen- 
cy-difference relay as well. The auxiliary a.c. tacho-generator has a rotor 
with] permanent magnets. The emf of this generator is directly proportional 
to the rotor speed and the changes in the emf may be indicative of the speed 
of the generating unit.| 

When in Service, care should be exercised to prevent demagnetization of 
the permanent magnets. The relay setting should be corrected in due time or 
the magnets must be remagnetized. 
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The speed may also be controlled by means of centrifugal relays or relays 
supplied from a d.c. tacho-generator. The exciter of the main generator is 
sometimes used as such a tacho-generator. The slip is controlled by a relay 
responding to the a.c. component of the rotor current. 

With the approach of the speed to the synchronous value, the ripple cycle 
of the alternating current in the rotor circuit increases. Therefore, if an inter- 
vening transformer is placed in the field coil circuit with its secondary win- 
ding connected to a delayed reset relay, operation at the required slip is ob- 
tained by changing the setting and reset time. 

Another possibility of using a slip relay employing a variable component 
of the current in the rotor circuit is shown in Fig. 7-16. Rectified current is 
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Fig. 7-16. Connection of slip Fig. 7-17. Circuits of slip control relay 
relay (a) delayed reset relay connected to part of discharging (damp- 
1 — current transformer; 2 — recti- ing) resistor; (b) relay connected to additional choke 


fier; 3 — relay coils; 4 — capacitor 


fed to the relay. The greater the slip, the greater the active value of this cur- 
rent. When the speed approaches the synchronous value, the current decreases 
and the relay functions. 

Figure 7-17 shows the versions of the slip control circuits used in the star- 
ting devices of synchronous motors and synchronous capacitors. The delayed 
reset relay (Fig. 7-47a) carries pulsating current obtained by a.c. half-wave 
rectification. To reduce the rate of magnetic flux decay, the relay magnet is 
furnished with a copper sleeve or the relay coil is additionally energized thro- 
ugh a capacitor. Here, the magnetic flux in the magnetic system of the relay 
disappears but not at once and the relay reset time finally depends on the amo- 
unt of slip. 

The relay in the circuit shown in Fig. 7-17) is connected in parallel with 
the choke wired in series with the discharge resistor of the field winding. 

The higher the frequency of the alternating current in the field coil cir- 
cuit {the inductive reactance of the choke is directly proportional to the fre- 
quency), the higher the voltage across the choke terminals. When the slip is at 
a value corresponding to the reset voltage setting of the relay, the armature 
drops out and the contacts carry out the required. operations. 
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7-6. Asynchronous Connection of Generators 
and Parts of Power System 


If an excited generator, whose emf is E, (see Fig. 7-4), is connected to the 
power system busbars under asynchronous conditions an equalizing current 
arises at the instant of connection 

AE 
Ias = ETE (7-25) 
[compare with LG 18) for an unezcite: generator]. 
When Eg = E= U. 


AE = 2E,sin 2 = 2U. sin È (7-26) 


2 
In expressions (7-25) and (7-26) 

AE = vector difference between the emf of an asynchronously connected 
generator, after the direct-axis (inrush) supertransient inductive 
reactance voltage E4, and the circuit voltage U., 

Zi, = direct-axis supertransient (inrush) inductive reactance 
x, = inductive reactance of the power system 
The asynchronous connection current is at its maximum when the gene- 
rator is connected in opposition to the emf of an equivalent generator of the 
power system. With asynchroncus connection to an infinite-power system 
(x, = 0) having angle 6 = 180 degrees 
2E" 
Lasi m= e 
odg 





(7-27) 


The short-circuit current in the case of a three-phase short circuit at the 
generator terminals 


Ej 





Is. c= 7 (7-28) 
Tig 

It is seen from (7-27) and (7-28) that the maximum asynchronous conne- 
ction current may be twice as great as the current during a short circuit across 
the stator winding terminals. 

The asynchronous connection currents cause considerable forces to arise 
which affect the shaft and windings of the generator stator, synchronous capa- 
citor, and transformer windings. Synchronous machines are designed to with- 
stand impact currents of three-phase short circuits at the stator terminals 
with the rated speed and a voltage equal to 1.05 of U,. 

Thus, as dictated by the generator safety requirements, the criterion of 
acceptable asynchronous connection is represented by the magnitude of the 
mechanical forces affecting the generator. The values of these forces should 
not exceed those resulting from three-phase short circuits at the generator 
terminals. Investigations [7-83 show that the magnitude of the arising elect- 
romagnetic torque is the decisive factor of asynchronous connection. For con- 
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venience, the practical calculations of the permissible torque multiplicity 
factors (acceptable asynchronous connection) are carried out through the mul- 
tiplicity factors of the periodic component of the asynchronous connection 
current at the most unfavourable angle 5 = 180 degrees relative to the no- 
minal current. 

The calculation of the maximum value of the periodic component of sta- 
tor current in asynchronous connection (J,,.m) is performed from the assump- 
tion that E, = E, = (1.05 — 1.1) U pnr.n 


(1.05 — 1.1) U ph. n 
ZTI-II 


Ias.m= 2 (7-29) 


where 2 = coefficient which accounts for the emf vectors being 180 degrees 
apart 
Upn.n = nominal phase voltage 
Xt17 = mutual reactance of the equivalent circuit in which the gene- 
rators are represented by the supertransient reactance 27g 
To comply with the circular determining the field of application of auto- 
matic reclosure in power systems [7-9], the attending personnel have to ma- 
nually perform immediate reverse asynchronous connection of the tie lines 
if the ARC device did not operate or was not installed on them. A certain mul- 
tiplicity factor of the asynchronous connection current relative to the nominal 
current is a condition of expediency of the asynchronous connection for a par- 
ticular purpose. 
The above-mentioned multiplicity factor should? not exceed: 
Tas/In <0.625/x3, for turbogenerators and hydroelectric generators ha- 
ving damper windings; J,,/7, <3, for turbogenerators with direct cooling of 


the windings and for hydroelectric generators without damper windings; 
Ias/In < 0.84/23, for synchronous capacitors; and J,,/I,n < >: for 
£C 


transformers; k is a coefficient accounting for an increased value of emf resul- 
ting from asynchronous connection; k = 0.85 for hydroelectric generators, 
k = 0.95 for turbogenerators; and k = 4.0 for turbo-and hydro-generators 


when the emf rises but by not more than 5 per cent; p = 100 =, esc 18 a 

S'cC 
short-circuit voltage of a transformer, per cent; S, is the transformer power 
in MVA. The values of S, are determined as follows: 


Short-Circuit Power Versus System Voltage 


System voltage Un, kV... Upto6 10-35 410 
Short-circuit power Sse, MVA . . 1000 4500 5000 
System voltage Un, kV ... 220 330 More than 330 
Short-circuit power, Sse, MVA 10,000 15,000 25,C00 


The circular ["-?] draws attention to the fact that sometimes asynchronous 
connection of the lines, determined by satisfying only the above-touched upon 
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requirements, may cause prolonged asynchronous operation which should be 
eliminated by attending personnel as specified in special instructions. The 
circular also states that, if the asynchronous connection current multiplicity 
factor calculated by the above expressions prove to be greater than the per- 
missible values, more precise computations must be made to take into account 
the load. Usually the permissible asynchronous connections are calculated 
without taking into account the load. 

From (7-27) it is clearly seen that asynchronous connection of a single gene- 
rator to infinite-power busbars cannot be allowed. When x4 = 12 per cent, 
for example, the ratio of asynchronous connection current relative to the no- 
minal value is greater than 17. Asynchronous connection of generators per- 
forming a joint operation through a transformer and a transmission line, 
into a finite-power system, sometimes may be permitted. 

If there is a group of paralleled generators, then often simultaneous syn- 
chronous connection of all the machines of the power plant or part of the po- 
wer system may be permitted. The asynchronous connection current deter- 
mined by (7-29) should be apportioned among the paralleled generators. When 
making calculations the minimum possible number of machines should be 
considered (i.e., the most severe case from the point of view of the current 
value used in asynchronous connection). 

Asynchronous connection yields good results only when it is followed by 
rapid resynchronization of the generators or parts of the power system. Resyn- 
chronization is promoted, if the mean set-up slip (the frequency difference) 
between the asynchronously connected parts (generators) of the system is less 
than a certain “critical slip” which equals 1.5 to 2.0 Hz for connecting “direct- 
ly” coupled parts, and 0.2 to 0.5 Hz for “indirectly” coupled parts of the power 
system. For the resynchronization calculation techniques see reference [7-81]. 

If for particular services asynchronous connection is permissible measures 
should be taken in order to prevent unwanted operation of various protection 
means under these operating conditions (see Sections 4-7 and 8-3). 

In complicated power systems asynchronous connection may sometimes 
cause objectionable tripping of the loads located near the electric centre and 
sometimes it may pull other paralleled power plants out of synchronism. The- 
refore, parts of the power system in which asynchronous connection may be 
applied should be planned beforehand with a preliminary analysis to see whe- 
ther such connection is suitable for the load operating conditions, resynchro- 
nization of the parts of the power system (generators) and operation of the 
protective relaying. 

Under emergency conditions, asynchronous connection performed with 
a small frequency; difference and with protective devices which do not fun- 
ction during asynchronous operation or are isolated against such operation by 
the operating setting or time of action may materially facilitate the recovery 
ofjthe normal performance of the power system. 

The time needed for the recovery of normal operating conditions after 
asynchronous connection is also dependent to a considerable extent on how 
quickly the normal operation of the loads, including the asynchronous and 
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synchronous motors, is restored. The asynchronous laod should restart by 
itself, after the voltage restoration. 

The next section discusses the problems of keeping synchronous motors 
in operation and their resynchronization after they are pulled out of step. 


7-7. Connection of Synchronous Motors, 
Preventing Their Drop-Out of Step 
and Resynchronization 


Let us consider the performance processes: in the so-called “direct” star- 
ting of rated-loaded synchronous motors [7-3], By direct starting is meant 
starting a shutdown generating unit with full voltage by a switch without a 





Fig. 7-18. Starting characteristics of synchronous motors 


(a) without connecting resistance into rotor winding circuit; (b) when resistance is 
connected 


starting device when the exciter is directly connected to the rotor winding 
of a synchronous motor. When a loaded synchronous motor is energized it 
will start to revolve due to the asunchronous torque resulting from the currents 
induced in the rods of the starting cage and in the rotor core. The characteris- 
tics of the starting torque are shown in Fig. 7-18, curve Z. 

When the motor speed increases and approaches the hyposynchronous 
speed an additional asynchronous torque occurs, which is due to the rotor 
winding being shorted to the exciter or another source of direct current. This 
torque is shown by curve 2 in Fig. 7-48a. The total starting torque has the 
characteristic shown by curve 3. When the motor reaches the hyposynchro- 
nous speed, the synchronous torque forces it into synchronism. 

It is seen from Fig. 7-18a, that the hyposynchronous speed can be reached 
if the anti-torque (curve 5) is less than the total starting torque within the 
entire range from s = 1 to s = s; (point where curves 3 and 5 intersect). 

If the anti-torque has a value corresponding to curve 4 the motor will fail 
to reach the hyposynchronous speed and will not be pulled in step. The result 
will be prolonged asynchronous operation with a mean slip determined by the 
1601513 
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abscissa of the intersection point of curves 4 and 3 (s = s,,). In this case the 
motor can be pulled in step either by reducing the anti-torque, i.e., by unloa- 
ding the motor from the side of the driven mechanism or by increasing the 
ordinates of the starting torque. 

In circuits with reactor starting, the increase in the starting torque ordi- 
nates of a synchronous motor in the vicinity of the hyposynchronous speed 
is obtained by removing the starting reactor from the circuit supplying the 
stator. This is accomplished by the automatic starting devices. 

Another way of increasing the total value of the starting torque is to in- 
crease the resistance of the rotor circuit of the synchronous motor by conne- 
cting a resistor into it for the time of starting. Because of this, the maximum 
of the torque produced by the closed winding of the rotor becomes displaced 
towards the increased values of slip and, as seen from Fig. 7-18), conditions 
are created which promote pulling the motor in step without reducing the 


anti-torque. 
The value of the resistor connected for the starting period in series with 


the rotor winding is 3 to 5 times the Rrotor (Rrotor is the resistance of the rotor 
winding when warmed up) [7-12], 

The operations used to connect and disconnect the above-mentioned re- 
sistance can be performed by the automatic starting devices both when the 
rotor is supplied from a d.c. exciter and when a thyristor excitation circuit 
is used. In the latter case the operations are accomplished by semiconductor 
devices. 

If, when starting a synchronous motor, the rotor winding is disconnected 
by the field discharging automatic device from the d.c. source and 
connected to a damping resistor, the motor will be pulled in siep in the sa- 
me way as a generator connected by the self-synchronizing method, i.e., 
until the hypo-synchronous speed is reached the motor is accelerated at the 
expense of the asynchronous torque and then the automatic starting devices 
change over the rotor winding from the damping resistor to a d.c. sour- 
ce (7-4, 7-13). 

The motor remains in synchronism if the shaft load does not exceed the 
synchronous torque with angle 6 = 90 degrees, i.e., when the motor is sup- 


plied from the substation busbars 


Pe (7-30) 


L4-b 





Usually the maximum power developed by a synchronous motor (Pm) is 
approximately two times the motor load (P,). In this case, normal operation 
of a synchronous motor takes place with angle ian = 30 degrees (Fig. 7-196). 


With other relationships between P,,,4 and Ph 


load P Plood = ; 
Aged. y pet (7-31) 


During a short circuit in the external power supply circuit the busbar vol- 
tage of the supplying substation of the power system drops. As a result, the 
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synchronous torque decreases. Due to the mechanical load and electrical los- 
ses the rotor of the motor starts decelerating and the angle ô begins increasing: 


The process continues until the short 
circuit is cleared and the voltage res- 
tored. 

If a three-phase short circuit occ- 
urs at point A and the residual volt- 
age across the substation busbars 
equals zero, the electric power drawn 
by the motor also becomes equal to 
zero. 

As the mechanical power (anti- 
torque) exceeds the electrical power, 
the motor decelerates. If the resis- 
tive losses in the short-circuit net- 
work are neglected the energy con- 
sumed in braking is proportional to 
the area Sər (Fig. 7-19b) and deter- 
mined by the mechanical load (with 
due consideration to the efficiency of 
unit). 

The motor does not drop out of 
step if, after clearing the short cir- 
cuit, the acceleration area Sa, (here 
the synchronous torque is greater 
than the anti-torque and the motor 
accelerates) equals or exceeds the brak- 
ing area S,,. The short-circuit clear- 
ing time, when the stability is maint- 
ained and the motor does not drop out of 
step, is determined by the expression 


89. T; 
tim= Y ~r (1-32) 


Fig. 7-19. Supply circuit diagram (a) and 





E Un | g 
Busbars of supply 
substation l 






Tr 


power characteristics (b) 
i, . ) 


The value of Ôm may be calculated by a graphical-analytical method 
provided the condition Sae © S,, is satisfied. 

From Fig. 7-19b it is seen for the instance being considered, that Sim 
corresponding to the condition Sae = Si;m is 


I 


Stim = 79° | 


and 


A8tim = 79° — 30° = 49° 


) 


If for the mechanism 7;, = 4 s, then from (7-32) tim = 0.148 s; when 
S. l es 


Tin = 3 S, tiim = 0.128 s; and when Tin = 2.8, brim = 0.105 


16* 
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It is clear now that the principal way to hold synchronous motors in step 
is the rapid clearing of short circuits. 

The time limit of clearing a short circuit will be greater if, during a short 
circuit, the voltage across the terminals of the synchronous motors supplied 
through the unfaulted sections of the power system is other than zero. When 
the residual voltage is of the order of 0.65 U, the short-circuit clearing time 
limit may run to 1 to 1.5 s, the time being governed by the permissible time 





Fig. 7-20. Power characteristics when terminal voltage of synchronous motor 
stator suddenly drops to 65 per cent of rated value 


for passing the starting currents. In this case, the braking area is less than the 
accelerating area (Fig. 7-20). When U, res = 0.6 U, and E, is constant the 
braking and accelerating areas are equal to each other. 

Another way to increase the short-circuit clearing time limit is not to fully 
load the motor. If Pioag is less than P, the value of the limited angle 6);,, 
(AS8' }:m>>A61im) increases and at the same time the possible braking area dec- 


reases. 
TER N ee 7-33 
Hm 9000 Pioad (raue) 


In this case 

If the short-circuit clearing time exceeds the above values and the dura- 
tion of heavy voltage drops is greater than ¢,;,, the synchronous motors will 
drop out of step. The synchronism may also be disturbed by interruptions 
in the power supply during the automatic reclosure cycle or the automatic 
cut-in cycle of reserve supply with the no-current time ranging from 0.5 to 
2.0 s. 

In addition to preventing the dearrangement of synchronous generators, 
‘the necessity to ensure continuity of a production process dependent on the 
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operation of units including synchronous generators calls for rapid resynch- 
ronization of the motors after recovery of the power supply. 
Rapid resynchronization is obtained by the following methods. 
Asynchronous connection of excited synchronous motors to the full voltage when 
the motors revolve under inertia with their field being not discharged after 
a short-time interruption in power supply. 
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Fig. 7-21. Changes in currents, voltages and speed of synchronous motor when 
it is deenergized (motor, type CTM-3500-2) 
Tot and Liot are stator and rotor currenis; U — voltage across stator terminals; n — 
speed 


The method holds when two conditions are satisfied. First, the asynch- 
ronous connection currents must not cause mechanical damage to the motor 
and, second, the characteristics of the starting torques and the anti-torque 
should allow the motor to pull in step without being held at a hyposynchro- 
nous speed. 

The emf decay of a synchronous motor disconnected from the power source 
and revolving due to its inertia is seen in Fig. 7-24. 

After the effect of forcing the excitation the terminal voltage of the motor 
almost reaches for some time the nominal value [7-4], Whether the asynchro- 
nous connection is acceptable as to the mechanical safety of the motor may 
be determined from equations given in reference [7-14], For a very rough esti- 
mation we may take the statement [7-14] that, as to the mechanical safety, 
a Synchronous motor may be connected to a full voltage after discharging the 
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field. Under. such conditions, the residual value of the emf lies within 0.5 to 
0.6 Un. 

Assuming, for. the sake of; ies that the residual permissible emf of the 
motor Em. perm = Ô. 4U,, we find that the equalizing current in the opposition 
phase should ‘not. exceed 
1.4U ph. n 


z4 


leg. m= (7-34) 

If this current is taken as the maximum permissible for asynchronous con“ 
nection then, with the reactance of the supplying system x, and under the 
conditions when Em = Upn.n, the following relationship should be followed 


1.41-2-Upa.n AAU pin (7-35) 


zat Ts Za 


where 1.1 = safety factor 
xa = supertransient reactance of the motor 
From (7-35) it follows, as dictated by the mechanical safety of the motor, 
that connection with the field not discharged is permissible, after a short-time 
interruption in power supply during no-current intervals in ARC or automa- 
tic transfer whenever 
2.2—14 , 


ls — T 


i.e., when 
z, 20.9729 (1-36) 


When power supply fails or the motor synchronous operation is disturbed the 
motor field should be discharged. To increase the starting torque a resistor is 
placed in the rotor winding circuit. After recovery of the supply voltage, the 
automatic starting devices apply the excitation and the motor is pulled in 
synchronism in a way similar to that in the normal start of the motor [7-14], 

To facilitate 'resynchronization, the driven mechanism should, when necessa- 
ry, be unloaded ,for a short period [7-15], 

, Failures of power supply from the power system can be indicated in different 
ways. The most simple is to use ‘an underfrequency relay and an active power- 
directional relay. The latter changes the position of its contacts and acts upon 
the automatic starting devices when the power supply fails!’-+), The use of an 
active power-directional relay in conjunction with an underfrequency relay as 
a detecting element has been justified in service. 

Like the forward-sequence voltage relay whose purpose is to control the 
duration of short circuits in the supplying circuit, the action of the above- 
mentioned relays must take place only when the synchronous motor loses syn- 
chronism. To this end, the devices detecting interruptions to the normal power 
supplyfare given a. ‘small time delay whose value is determined from equations 


(7-32). and (7-33). 
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7-8. Conclusions 


1. In cases of emergency, rapid paralleling of generators or parts of the power 
system may sometimes prevent the fault developing and facilitate its elimi- 
nation. 

2. Manual connection of generators by precise synchronization without 
automatic controls requires much time and attention on the part of the attending 
personnel. Automatic precise synchronization eases the operator’s work, facili- 
tates the synchronizing process and prevents incorrect actions by personnel. All 
this is of particular importance under emergency conditions. Therefore, the 
autosynchronizers must be at all times ready for operation and must provide 
trouble-free operation when the frequency and voltage of the power system vary. 

The Soviet-developed autosynchronizer, type ACT-4, largely fulfills these 
requirements. 

3. Connection of generators by the self-synchronizing method simplifies 
and facilitates the paralleling process, but it complicates the operating condi- 
tions of the synchronous generator. Each self-synchronization connection is 
equivalent to a short circuit after the z4 point (in large power systems). 

Under emergency conditions all the generators and synchronous capacitors 
may be connected by the self-synchronizing method regardless of type, con- 
struction, cooling system, power rating and commutation scheme. 

4, It has been proved theoretically and in service that asynchronous connec- 
tion of generators and synchronous capacitors is feasible and effective providing 
the ratio between asynchronous connection current and the nominal value does 
not exceed the value which is permissible for mechanical strength of the struc- 
ture. These conditions are often fulfilled, when connecting generators through 
tie lines or transformers or when connecting parts of the power system. 

5. To prevent possible prolonged asynchronous operations, asynchronous 
connection is better accomplished when the frequency of the incoming genera- 
tors, or parts of power system, is close to the power system frequency. 

The load-dispatching personnel and the operators of the power stations and 
substations should be instructed on the measures they should take if asynchro- 
nous connection is followed by prolonged asynchronous operation. 

6. The points of the power system at which asynchronous connection is 
permissible must be planned beforehand and measures foreseen to prevent 
misoperation of the protective relaying system during asynchronous connec- 
tion. 

7. When determining the possibility of asynchronous connection of con- 
sumer synchronous motors, the starting method of those motors should be con- 
sidered and the possibility of their resynchronization without the use of special 
automatic devices, or with the use of them, estimated. It is good practice to 
adapt the automatic starting devices of synchronous motors to the asynchronous 
connections, both in the power system and at the motor itself. 

These automatic devices must promote resynchronization of the motor and 
ese of its load after removal of the causes that made it drop out 
ol step. 
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7-9. Review Questions 


1. What are the main specific features encountered in the paralleling of generators 
by the precise synchronization and self-synchronizing methods? 

2. Explain how the current and voltage of a generator vary when it is connected by 
the self-synchronizing method? Why is connection of generators by these methods permissible 
under emergency conditions regardless of the type and capacity of a synchronous machine? 

3. When paralleling machines, how is the automatic starting of hydroelectric generators 
accomplished with the use of the self-synchronizing method? Could hydroelectric generators 
We served by an automatic operator with the use of an automatic synchronizer, type 

4. Name the basic elements of the ACT-4 autosynchronizer and explain their functions. 
Describe the operating principles of a differentiating transformer and a lead relay. 

5. What is the difference between asynchronous connection of a group of generators 
and their connection by the precise synchronizing method? 

6. Under what conditions is asynchronous connection of generators and parts of powcr 
system permissible? 

7. How is the direct starting of synchronous motors accomplished? 

8. What are the torques that make a synchronous motor pull in synchronism? 

9. What causes prolonged asynchronous operation of the power system after asynchro- 
nous connection and what causes prolonged asynchronous operation when a loaded synchro- 
nous motor is asynchronously connected? 

10. Under what conditions may asynchronous connection of a loaded synchronous motor 
be performed if it has been tripped from the power system for a short period? 

14. Describe the methods used to hold synchronous motors in synchronism when short 
circuits occur in the circuit. 

12. Describe the principles underlying the automatic starting devices of a synchronous 
motor which help its resynchronization after clearing the fault which caused the stability 
disturbance. 

13. What are the factors that promote resynchronization of generators after their asyn- 
chronous connection? 

14. Why is a voltage sustained across the stator terminals of a synchronous motor when 
it is disconnected from the supply source? 

15. Why does a rotating unexcited generator maintain a voltage across the stator winding 
terminals after it is disconnected from the power system? What is the value of that voltage? 

16. Can a generator be connected to infinite-power busbars by the self-synchronizing 
method? Can an excited generator be asynchronously connected to such busbars? 

17. Why is asynchronous connection permitted for a group of simultaneously switched 
on generators operating in parallel and not permitted for connection of a single generator? 

18. Explain the principles underlying a slip relay. 

i W iat are the methods of indicating interruptions in the power supply to a synchro- 
nous load? 

20. What are the techniques used in the ACT-4 autosynchronizer to control the diffe- 
rence between the values of voltages being synchronized and how is the frequency of the 
machine being synchronized adjusted to suit the frequency of the power system? 

21. Figure 7-22 shows the circuit for automatic starting and resynchronization of 
a synchronous motor[7-12]. The position of the equipment corresponds to the state when the 
motor is stopped and disconnected. Full-load starting of the synchronous motors is by switch 
S. Under the action of the starting asynchronous torque the motor and the driven mechanism 
begin to rotate. As the speed increases the terminal voltage of the exciter rises. The starting 
current flowing in the stator circuit makes the relay SCR function and its contact SCR-I 
closes the relay ATR with delayed dropout of the armature when the coil is deenergized. 

The contact 7ATR-1 closes the relay 2ATR. Its contact 2A TR-1 closes and prepares 
the closing circuit of the excitation forcing contactor coil IFK and the contactor closing 
coil K. At the initial moment of starting the resistor Rsp is shunted by the contact of contac- 
tor 2F K. The resistor R,, is unshorted after the terminal voltage of the exciter reaches a value 
at which the contactor 2FK operates. 
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When the motor reaches a hyposynchronous speed the current flowing in the stator 
decreases. The relay SCR resets. The contact 7A RT-2 closes the forcing contactor IFK and 
contactor K (a contactor with a latch). 

The forcing time is limited by the reset time of the relay 2A 7R which breaks the circuit 
by its contact 2A TR-1. 

Closing the contactor K (coil K,) results in the closure of the contacts K-7 which shunt 
the coil of relay SCR. This prevents operation of this relay in case of load surges. Closing 
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Fig. 7-22. Automatic starting and resynchronization of synchronous motor 


the contact K-2 promotes bypassing of the resistor R, in the rotor winding circuit. The pur- 
pose of the resistor R, is to increase the initial value of the starting torque and eliminate 
the dip in the starting characteristic when at hyposynctronous speed. After cperation of 
contactor K the resistor R, is isolated from the rotor circuit of the synchronous motor. 

The contacts K-5, and K-4, prepare tke circuits for opening the contactor K and releasing 
the latch. The contactor K is tripped either after the switch S is opened or after the operation 
of relay JA TR (when the contacts BC-2 or 1A TR-3 make), i.e., in the conditions under which 
preparations are made for repeated reclosure of the motor. 

The motor is shut down by opening the switch S. Its auxiliary contacts BC-J and 
BC-3 break and the contact BC-2 makes. The circuit promotes tke resetting of the automatic 
devices for subsequent reclosures. To trip contactor K, the operative current must be fed 
to the coil K, simultaneously with the sending of the tripping signal to the coil Ko. In this 
case, the closing solenoid becomes energized for a skort time and releases tke latch allowing 
the contactor to be tripped. After the contactor K has tripped the blocking contacts K-4, 
and K-5, will be opened and the contact K-3), closed. 

When the motor operates and loses synchronism switch S does not open. After recovery 
of the normal power supply (for example, after clearing a prolonged short circuit in the power 
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-circuit or after the ARC and automatic transfer devices have impressed voltage upon the 
stator winding) the motor will operate asynchronously. Under the effect of the equalizing 
current the relay CTR (dependent time-lag current relay) functions. 1 to 1.5 seconds later 
the contact CTR-1 makes and the relay ZATR closes. After the closure of the contact 
JATR-3 and coil K, the contactor K trips. 

Breaking the K-2 contact places the discharge resistor R, into the rotor circuit. The 
‘coil of SCR is unshorted by the contact K-71. The motor is started again. 

Can the starting circuit shown in Fig. 7-22 be used for motors which do not allow asyn- 
-chronous connection in a real circuit in order to avoid mechanical trouble? 

What modifications or alterations should be made to the circuit shown in Fig. 7-22 
so that the discharge resistor R, is automatically introduced into the circuit when the motor 
power supply from power system stops as a result of operation of the ARC and automatic 
transfer devices? 

22. A synchronous motor is provided with a thyristor excitation system supplied form 
a step-down transformer installed on the busbars used for the supply to the synchronous 
motor. Provisions are made to force the excitation when voltage drops by 15 per cent of 
the rated value. 

Will the excitation forcing improve the stability of the paralleled motor during a three- 
phase short circuit accompanied by a voltage drop across the supplying busbars to zero? 
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THREE-PHASE AUTOMATIC RECLOSURE 


8-1. General 


The three-phase (three-pole) automatic reclosure (TPARC) devices, sub- 
sequently referred to as ARC devices, are designed to automatically close tripped 
elements of the power system in order to restore the consumer supply or complete 
their supply circuit. 

1. Automatic reclosure efficiency is assessed by the ratio between the number 
of reclosures after which the affected equipment is not immediately disconnected, 
by the tripping of the protective relaying device, and the total number of 
reclosures performed by the ARC devices. The ARC efficiency results from the 
fact that the causes of tripping often clear themselves while the feeder is deener- 
gized. Faults, such as whipping, stop and isolation is restored, the arc caused 
by lightning dies out and the overload which caused the protective relaying 
devices to function disappears. 

2. Correct and incorrect operation of ARC devices. The correct operation of 
the ARC devices is assured by trouble-free operation both of the relaying part 
of the equipment and the switching device (breaker) used to reenergize the 
electrical circuit. Incorrect operation can be due to a failure of the ARC device 
itself or the breaker which fails to reclose because of a defect. 

3. Effectiveness of ARC devices is determined by the amount of possible 
damage prevented by its operation in one year against the costs of their instal- 
lation and maintenance. The most effective are the ARC devices installed on the 
breakers of incoming overhead feeders which are not automatically supplied 
from stand-by sources of power. This is the reason why the consumers can, most 
often, continue their operation after a short interruption in the power supply, 
in particular where measures are taken to promote self-starting of the loads. 

During thunderstorms good results are obtained from the use of ARC devices 
installed on overhead lines. Most of swinging crosses occurring in such weather 
clear themselves after deenergizing the transmission line, and the operation of 
the ARC device restores the line service quickly. 

Service experience has also proved the high efficiency of the ARC devices 
installed on busbars, since the short circuits occurring on busbars may also be 
unstable. 

By virtue of the above, the use of ARC devices for reenergizing the lines, 
busbars and transformers becomes compulsory. Instruction circulars also stipul- 
ate immediate reclosure of the breakers of the above elements by personnel either 
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remotely by means of distance control devices or locally by hand (the latter 
only where oil breakers are installed). Moreover, after tripping a transmission 
line furnished with power sources at both ends, it must be given a trial closure 
supposedly from one of the ends, if the ARC devices accounting for the double- 
end supply are not available or are temporarily inoperative. An ARC device 
used for voltage trial reclosure from one end must be able to check for opposing 
line voltages. 

The variants in the ARC devices may be discerned from the following: 

The action on the three phases (TPARC) or one phase (OPARC) of the breaker. 

The type of equipment to which the voltage is applied. These are overhead 
or cable transmission lines, transformers, busbars and electric motors. 

The type of switching devices under the effect of the ARC device. These 
are air- and oil-breakers, contactors or magnetic starters and fuses. 

The type of power supply to the equipment whose breakers are under the 
effect of the ARC device. These are power system elements supplied from one 
or two ends, included in a loop system or forming a single tie link. 

The type of action, as single- and multishot (reclosure) ARC devices. Exam- 
ples are devices accomplishing two and three reclosures. 

The type, mechanical, pneumatic and electrical. 

The speed of action, as high-speed ARC devices (HSARC) ensuring no-power 
intervals of 0.5 s or less and normal speed devices with time control to assure 
greater no-power intervals. 

The method of voltage control across the load being reenergized, as ARC 
devices responding to voltage or no-voltage. 

The method for monitoring the synchronism during automatic reclosing 
operations, as those which respond to synchronism (ARCSS), asynchronous ARC 
(AARC), combined with self-synchronization of the generators and synchronous 
capacitors, those which control synchronism, etc. 

Peculiar functions are performed by the ARC devices set into operation after 
recovery of frequency and voltage. The former (FARC) devices are used for the 
ARC of breakers tripped by the AFC devices and the latter ones, for the ARC 
devices of electric motors tripped to ensure self-starting of important loads. 

When selecting the type and circuit of an ARC device, one must consider 
the circuit diagram of the power system and power supply to the consumers. 
An example illustrates this. 

Assume that a part of the power system shown in Fig. 8-1 need to be equipped 
with ARC devices. ; 

Transmission lines 7-2-3 are single feeders with one-end supply. To recover 
the power supply to the loads of substations 2 and 3, use may be made either of 
three-phase ARC devices or devices for phase by phase automatic reclosure (the 
latter devices being employed if there is a dead-earthed neutral point). 

Transmission line 4-5 connects two parts of the power system incorporating 
generation sources. There are no other parallel links between these parts of the 
system, as line 8-3 is normally open. When implementing ARC devices on line 
4-5, consideration should be given to the variants of asynchronous connection 
of power system parts (AARC) linked by the given transmission line and the 
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installation of OPARC devices or ARC devices with synchronism seizing, or 
ARC devices for line voltage trial at one end. 

When choosing ARC devices for lines 4-74 and 5-13 one should also consider 
the possible use, in addition to the above-mentioned ARC devices, of an ARC 
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Fig, 8-1. A section of power system 


device for a sectionalized load area with preliminary disconnection of local 
station generators from the power system together with some loads of this area. 
With a successful performance of the ARC devices on lines 5-73 and 4-14 from 
the power system side, it is advisable to furnish the switch, used for pulling 
the sectionalized load area in step with the power system, with an ARC device 
capable of synchronism seizure in order to automatically reestablish the normal 
configuration of the circuits. In a number of cases proper operation of the syn- 
chronism seizing ARC device takes place after the action of the AFC device in 
the sectionalized area and after the frequency in this area is recovered to a value 
close to the power system frequency. 
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Consider the operation of the ARC device on line 7-8. Substation 8 may be 
placed under voltage from the side of substation 7 after the synchronous capa- 
citor (or the synchronous motors of the loads) is deenergized. After recovery of 
the busbar voltage of substation 8, the excitation should be automatically 
reapplied and the synchronous capacitor (the synchronous motors) will restore 
the synchronous operation. 

Loop circuit 77-9-10 has one point of supply, from substation 77. When 
installing ARC devices in this type of circuit no problems arise as to the pos- 
sibility of asynchronous connections. 

System section 4-7-77 has three points of supply, one from substation 7, 
one from substation 77 and one from substation 4. Under certain conditions, 
reclosure of one of the lines of this section may be asynchronous. Whether such 
a reclosure is permissible and useful should be ascertained when selecting the 
ARC circuit. 

Lines 5-1 are parallel. The use of another line allows the paralleled sections 
of the power system to be easily controlled by means of the current in the other 
operating line. When selecting an ARC circuit for lines 5-7, this factor should 
be taken into consideration. 

In practice, various ARC devices may be applied. The choice of the best 
variant is made in the engineering design, preference should be given to devices 
which mostly assure trouble-free operation, simplicity in design and service. 
Operation of the ARC devices must be coordinated with the performance of the 
protective relaying devices installed on the equipment. In particular, if a sub- 
station is provided with differential protection means for the busbars, consider- 
ation should be given to the problem of using the busbars of ARC devices with 
their preliminary testing with voltage from any of the transmission lines with 
the subsequent automatic recovery of the circuit configuration if the busbars 
are in sound working order. 

The operating time of ARC devices (tapc) is the time from the instant the 
ARC device is started to the time when the reclosure pulse is given. This time 
should be sufficient for the breaker to be ready for reclosure after the short cir- 
cuit is cleared with subsequent isolation of the short circuit if the reclosure 
fails. 

The operating time of an ARC device should not be confused with the ARC 
time which includes the operating time of the ARC device and the time taken 
by the breaker from the instant it receives the control signal to close to the 
touch of the current-carrying contacts. The automatic reclosure time is naturally 
less when use is made of high-speed breakers. 

The no-power interval (dead-time) is the time from the instant the breaker 
arc extinguishes when tripping the circuit under control to the instant this 
circuit is restored after operation of the ARC device and closure of the breaker. 

Experiments have shown that a minimum no-power time sufficient for the 
deionization in the arc space on overhead lines (at no-voltage) is from 0.15 to 
0.2 s for 110-kW lines and from 0.35 to 0.4 s for 500-kW lines. For the lines rated 
for other voltages, the deionization time may be determined by extrapolation. 
At the above-mentioned no-power time ratings, effective actions of the ARC 
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system may be expected in more than 50 per cent of the cases. With no-power 
time increase, conditions for deionization in the arc space improve and the 
percentage of effective operations of the ARC devices rises. 

The above no-power minimum intervals are obtainable only with high- 
speed automatic reclosures for which specially adapted air breakers are used. 

With ordinary type breakers rated for 3 kW and more, not intended for 
HSARC operations, the minimum ARC device functioning time lies within 
0.3 to 0.5 s. The closure time of the breakers themselves 
is 0.5 to 1.2 s. Thus, if a transmission line is supplied 
from one end tripped by a breaker equipped with an 
ARC device, the total no-power time of the line far 
exceeds the no-power interval required for deioniza- 
tion in the arc space. 

When the ARC devices were placed into service 
it was feared that, after tripping the line at the supply 
end, the arc in the faulted place would be sustained 
due to the energy stored by the revolving (under iner- 
tia) asynchronous and synchronous motors at the 
receiving end of the line. 

Experience has shown that the effect of the asyn- 
chronous load may be neglected from the point of view 
of persisting arc with operating time of ARC devices 
ranging from 0.3 to 0.5s and with the ordinary type 








Fig. 8-2. Voltage (7) and 
frequency (2) versus time 


breakers. i 
$ on substation busbars af- 
Figure 8-2 shows the busbar voltage and frequency ter tripping supply line 
variations against time at a substation being disconn- (experimental data) 


ected. The load connected to the substation busbars 

included: asynchronous motors, lighting circuits, and capacitor banks (load 
power P = 4.7 MW; Ias.m = 440 A: Iuga = 60 A; QO, = 2 Mvar; and the 
rated voltage 6.3 kV). 

It is evident from Fig. 8-2 that in about 0.6 s the busbar voltage decreased 
to 20 per cent of the rated value. 

If the receiving substation is equipped with synchronous capacitors (motors), 
the voltage falls at a slower rate. In this case, the ARC device operating time 
at the feeding end of the line should be sufficient to allow the synchronous capa- 
citors (motors) to be tripped or unexcited before the line is reenergized, other- 
wise they may be asynchronously connected which is dangerous because of 
arising mechanical efforts. Furthermore, connection to an unextinguished arc 
sustained by the excited synchronous capacitors (motors) revolving due to 
inertia may happen. 

When deciding on the number of reclosures to be performed by the ARC 
devices, it should be remembered that a one-shot automatic reclosure is the 
one most simply accomplished both as to the ARC device itself and to the readi- 
ness to reclose the breakers. 

More complicated are two-shot automatic reclosures and even more compli- 
cated are three-shot automatic reclosures. 
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In addition to this, as is shown in service, the efficiency of each subsequent 
ARC cycle abruptly falls with each repeated reclosure. 

Thus, according to the USSR statistics the ARC operations on lines are 60 
to 75 per cent effective in the first cycle, 10 to 15 per cent in the second, and 
only 1.5 to 3 per cent in the third. 

The USSR State Standard specifies the operating conditions of breakers for 
them to suitably operate with an ARC device designed to serve a certain number 
of subsequent reclosures. 

Symbols are used to denote the breaker tripping and closing operations. The 


letter O indicates an opening (tripping) operation and the letter C, a closing 
operation. For instance, if a breaker is open and then in the interval tintervi 
it is closed by an ARC device and again opens, i.e., operation of the ARC device 
is ineffective, the process is described as follows: O—tinjep,;—CO. The symbolic 
notification O—tjntery1—CO—t inieryg —C means that the breaker was tripped, 
then in time £intersı the ARC device reclosed it, next, it opened again and was 
repeatedly closed in time tin:erva by the ARC device and as the next step, it 
remained closed (an effective two-shot automatic reclosure took place). The 
operation of a breaker with a three-shot automatic reclosure is written down in 
a similar manner. 

When using ARC devices for air breakers a sufficient supply of compressed 
air should be provided to ensure operation of the breaker in compliance with 
the specified number of reclosures by the ARC device. Here also considerations 
should be given to the possibility of the breaker closing with a continuous short 
circuit. The time intervals at which the breaker is closed from a two- or three-shot 
ARC device should be such that the oil breakers have enough time to restore 
their tripping ability and the air breakers can restore their pressure in the com- 
pressed-air mains. 

The first pulse to reclose a tripped breaker is given by the ARC device in 
0.3 to 2 s, the time for the second reclosure is 10 to 15 s. The time for the third 
reclosure carried out by a three-shot ARC device can be from 1 to 5 min. 

Operation characteristics of ARC devices are given in Table 8-118-21. 

The ARC devices are started by the protective relaying system, or when the 
control key and the breaker are in different positions, or at any time when the 
breaker trips. In the last case, provision should be made to prohibit the operation 
of the ARC device when the breaker is tripped by attending personnel (remotely 
or by means of remote-control devices) and also after protective relaying opera- 
tions permitting no reclosures. For example after operation of the differential 
protection of busbars or transformers. 

When the ARC devices are started from the protective relaying system, their 
reliable operation must be assured during short-time operation of the protection 
system and rapid clearing of the short circuit by the breaker. 

Two types of ARC devices are used in the USSR. 

The single-shot performance of the circuits of the first type is obtained by 
the use of a sliding contact of a time relay. The other type uses the discharge 
of a capacitor for the purpose. Each of these variants has advantages and limi- 
tations. In the ARC devices which include a sliding contact time relay, mal- 
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functions are more likely as the contact may jam. In ARC devices with dis- 
charge capacitors, the capacitors are liable to puncture and the entire ARC 
device can misoperate. 

The ARC devices which include sliding contact time relays can be made by 
the power station personnel from standard factory-made relays. 

The capacitor type ARC devices are obtained from the manufacturer as 
complete units. 

The breaker closing devices using the stored energy of a raised weight or 
that of a compressed (expanded) spring assure automatic mechanical reclosures. 
Such devices were used in 3 to 35-kW power installations. They need no relay- 
ing apparatus or sources of operating current. The main disadvantage of the 
mechanical ARC devices is that their reclosure time cannot be adjusted thus 





Table 8-1 
Data from a Five-Year Operation of ARC Devices on Overhead Lines 
| Operation voltages, kV 
TD EN Operation parameters [r 
2-10 | 20-35 | 110-154 | 220-330 | 400-500 


Three-pha- {Number of set-years | 65,134 28, 623 19,745 2,626 183 
se single- (K*) 


shot Effective operation, 53.5 69.5 75.0 76.5 67.0 
6 
Periodicity, year: 
effective 0.65 1.24 0.77 0.82 1.02 
ineffective 0.74 2.86 2.28 2.65 2.08 
Three-pha- | Number of sct-years 937 3,085 1,453 82 — 
se multi- (K) 
shot Effective operation, 56.2 78.1 80.5 77.2 — 
% $ 
Periodicity, year: 
effective 0.25 0.87 0.43 0.34 — 
ineffective 0.34 3.10 1.75 1.17 — 
Phase-by- | Number of set-years — — 79 344 132 
phase ac-| (K) 
ting Effective operation, — — 73.2 80.7 59.5 
% 
leriodicity, year: 
effective — — 0.43 1.28 1.32 
ineffective — — 1.16 5.6 1.94 
All types |Number of set-years | 66,068 31,708 21,277 3,052 315 
(K) 
Effective operation, 53.6 70.5 |. 75.5 77.0 64.5 
% 
Periodicity, year: 
effective 0.63 1.19 0.72 0.82 1.17 
ineffective 0.73 2.85 2.23 2.70 2.13 


* K denotes the number of the ARC devices (sets) times the number of years in use. 
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causing a relative low percentage of effective operations (due to a too rapid action 
in the first cycle). Their other limitation is the complex interaction adjust- 
ment of the actuating components. Because of this, breakers with spring- or 
weight-type actuators are nowadays furnished with electrical ARC devices 
which release the appropriate latch of the trigger closing device. 

The operation characteristics of all types of ARC devices for a 5 year period, 
from 1962 to 1966 is given by the following: the number of set-year units of 
ARC devices included into the statistics K = 192,022; effective operation per- 
centage 58.4; ineffective operation percentage 41.2; failure percentage 0.4; 
periodicity of effective operation, years, 1.04; and periodicity of ineffective 
operation, years, 1.48. 

The data on the operation of the ARC devices of various types are given in 
Tables 8-4 and 8-2[8-21, 

Table 8-2 


Service Operation of ARC Devices Installed on Different 
Equipment over Five Years 





Work devices 


Type of ARC Operation parameters combined cable trans- other 
lines lines busbars formers eau 














Three-phase | Number of set-years (K) | 15,288 22,843 7,208 15,823 7,634 


_ single- Effective operation, % 56.2 45.3 64.8 60.0 64.4 
shot Periodicity, year: 
effective 1.3 4.13 15.5 | 15.5 8.25 
l ineffective 1.69 3.38 28.7 23.0 23.8 F 
‘Three-phase | Number of set-years (K 225 474 — 6 57 
multi-shot | Effective operation, % 68.3 43.0 — —- — 
acting Periodicity, year: 
effective 1.3 11.8 — — — 
ineffective 2.8 8.9 — — — 
All types | Number of set-years (K) | 15,513 23,314 7,258 {15,829 7,688 
Effective operation, % 57.0 45.0 64.8 60.0 69.8 | 
Periodicity, year: Í 
effective 1.3 4.18 15.5 15.3 8.2 
ineffective 1.714 3.42 28.5 22.8 19.0 | 


8-2. Single Lines with Supply from One End 


For overhead and cable power transmission lines supplying loads from one 
end, the use of ARC devices is compulsory. 

The reasons for the use of ARC devices on overhead transmission lines are- 
obvious and explained above. The ARC devices installed on the breakers of 
cable lines have a smaller effective operation percentage, however their use- 
fulness is evident (see Table 8-2). 

Effective operation of the ARC devices installed on the breakers of cable: 
lines is accounted for by the fact that the breakers trip not only because of a 
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cable short circuit (which, as a rule, persists after deenergizing the line or, if 
not so, then the short circuit is eliminated as the cable core burns), but also 
due to short circuits at the cable connection busbars, pothead terminals, or 
when the entrance connections are damaged by fuse flashes. In cases like these 


Protection action 
speed-up circuit 


Signal 





Fig. 8-3. Three-phase single-shot ARC device started by protective relaying 


the cause of the cable tripping cften disappears after deenergizing. Cable lines 
operating at 3-6-10 kV are not infrequently tripped due to overload current. 
which disappears when the loads are deenergized. 

The action of electrical ARC devices installed on the lines supplied from 
one end is now considered. 

Three-phase one-shot ARC device started by the protective relaying. The coil 
of relay ATR is connected in series with the contact of protection output relay 
PR (Fig. 8-3) and placed into the tripping coil circuit of the breaker. 

After the protection output relay has functioned, its coil becomes energized 
and attracts the armature. Closing contact J of the relay ATR closes the self- 
holding circuit which holds until the opening of the blocking contacts, found 
in the breaker coil disconnecting circuit, after it has tripped. The necessity for 
the self-holding was found in service as it was noticed that where no self-holding 
circuit is used the armature drop-out time of relay ATR was often insufficient 
to trigger the ARC device (to close contact 7AR-1, make the relay TR function 
and close its contact 7). This can happen, when the short-circuit circuit is too 
quickly tripped by the breaker with a resulting trip of relay PR. 
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The contact ATR-2 closes the auxiliary relay ZAR which in its turn makes 
the coil circuit of time relay TR. Sliding contact 3 promotes the pre-assigned 
operating time of the ARC device, then end contact 2 by its closing releases 
the circuit. 

The relay ZAR prevents the breaker from multi-shot reclosure in case of 
a jammed sliding contact of the time relay or baked contact of the output relay 
of the ARC device. Therefore, the closing circuit is excited through the tripping 
contacts of relay ZAR. If connection is made to a short circuit and the closing 
pulse is not removed the relay ZAR switches over the tripping circuit to its 
coil after operation of the protection and remains closed until the closing pulse 
is removed. The closed position of the relay is indicated. 

The time relay TR holds itself by the instantaneous contact. Sliding contact 
3 completes the circuit of the parallel coil of relay 2AR. Since the time during 
which this circuit remains closed is insignificant, provision is made to enable 
the relay 2AR to hold itself closed. The relay 6AR has two coils. The series coil 
is closed by the relay contacts for the time enough for the breaker to close and 
its blocking contacts open. 

The time delay of the end contact 7 R-2 is such that it overlaps the time 
taken by the breaker to disconnect from the protective relaying circuit when 
connected to a persisting short circuit. If the time delay of end contact 2 is 
less, the result will be repeated reclosures of the breaker. The closing time of 
contact 2 is the sum of the time periods necessary to close sliding contact 3, 
reclose the breaker, operate the protection and trip the breaker with a time 
margin. When provision is made to speed up the operation of the protection, 
after the functioning of the ARC device, by the time needed to quickly clear 
a persisting fault, the operating time of the protection is about 0.1 s and the 
time margin is from 0.7 to 1 s. 

The circuit intended for speeding up the action of the protection is shown 
by the dashed line. 

If the breaker is connected locally from the switchboard or from the load- 
dispatching department by a remote control system then, after tripping, the 
breaker should not be reclosed as the cause of the tripping is very likely to 
persist. An example is a manual closure after repair operations because of un- 
connected earth faults or bad repairs. This requirement is met by closing the 
breaker manually by feeding a control pulse to the relay TR of the ARC device. 

With the aid of the knife switch KS the ARC device can be removed from 
the operation with the direct changing over of the closing circuits to the closing 
coil of the breaker. Provision may be made to remove the ARC device from the 
operation automatically when the breaker is closed by the control key or a 
remote-control device. This, however, makes the circuit more complicated and 
therefore cannot be recommended. 

Three-phase one-shot ARC device started when the breaker and the control key 
are in different positions. When the breaker is tripped by the protective relaying 
system uncorresponding positions between the breaker and the control key closing 
circuit 4-5 (Fig. 8-4a and b) occur. Because of this, the operation of the relay 
1AR is followed by closure of the time relay TR. The contact TR-2 of this 


I| OFF ; i 
2 SAR 


if ser 0-206 | | Break Ley d 
O - h reaker tripping an 
to Protection output multishot recleding 
z relay of bloching unit 
“p TAR TR 


Elements of ARC 
ARC prohibition device with relay 
r= PIB - 58 





SAR SAR por 
SS Z NY 
ON a N 
if SI Signal ¥ | 5aR-2 Be- 
r O TAR a 
Áa 
me Deza Mor ipoe of relay 
: ‘or pro 
L——» aecdleration after ARC 
JAR- . 
R3 L—> Signal 
(a) 
eea e 
l Circuit of relay for 
112 protection acceleration after ARC 
-= M~] Signal 













Arc zan Parser] 


prohiéition (-) 
R 


(6) 


Fig. 8-4. One-shot three-phase ARC device, type PIIB-58, started when breaker 
and control key are in different positions 


(a) developed diagram; (b) condensed diagram; circuit 4-5 is closed by contactor stack 
in position ON and opened in position OFF 
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relay cuts in the current-limiting resistor 2R (to ensure the thermal resistance 
of the coil of relay TR), while its contact 7R-1, having a specified delay, com- 
pletes the discharging circuit C by connecting it to the parallel coil of relay 2AR. 
The relay 2AR functions and is held by the contact 2AR-I closed through its 
Series coil until the blocking contacts of the breaker open the circuit of this 
coil after making. 

The one-shot operation of the ARC device is caused by capacitor C which 
discharges after the circuit is completed by the contact TR-1. 

The capacitor can be charged only after the breaker is closed, i.e., when the 
relay ZAR is deenergized for a prolonged period and its contact remains open. 
The charging time of the capacitor is from 16 to 20 s and may be adjusted by 
varying the resistance of 3R. When the breaker istripped capacitor C cannot 
charge, since the charge current leaks from capacitor C through the closed contact 
TR-1, the parallel coil of relay 2A R to the negative terminal of the power source. 

After tripping the breaker by the control key, one of its contact assemblies 
opens circuit 4-5 to remove the operative current from the relay contact 2A R-1. 
The charge from the capacitor leaks down through the above-mentioned circuit 
as the relay TR is closed and its contact 7 R-1 remains closed, and also through 
the coil of relay TR to the negative terminal of the source of operative current. 

Therefore, after the breaker is closed by the control key or the ARC device, 
operation of the ARC device can be repeated only after charging capacitor C. 
Should it happen that the transmission line is connected to a short circuit, 
the protective relaying system will perform the tripping operation before the 
ARC device is ready for action. 

To prevent the breaker from repeated reclosures and trippings when the 
closing signal is applied for a long time and the short circuit persists, the circuit 
is furnished with a relay 3AR. 

If to some reason, the closing circuit of the breaker remains closed for a long 
period due to, say, a fused contact of relay 2AR-J, and the breaker connects 
to a short circuit, then the protection system will make it trip. It will not be 
reclosed as at the instant of tripping the series coil of relay 3AR carries current. 
The relay 3AR will function. The contact 3AR-2 opens the closing circuit of 
the closing solenoid, the contact 3AR-I closes the parallel coil of relay 3AR 
(the relay remains closed until this self-holding circuit is opened) and the contact 
3AR-3 makes the signal circuit, thus indicating a trouble in the ARC device or 
the control key. 

The use of relay 3AR makes it possible to avoid using the unreliable inter- 
locking systems which guard against multifold reclosures (interlocking against 
“jogging”) and are employed in some actuators of the circuit breakers. 

The ARC device operating time is controlled by the time setting of the TR 
relay. 

The possibility of accelerating the action of protection system is foreseen after 
(or before) the operation of the ARC device. For this, use may be made of the 
AR-2 making (or breaking) contact. 

Three-phase one-shot ARC with prohibited operation when breaker is remotely 
tripped (Fig. 8-5). The circuit is designed so that reclosure of the breaker is 
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accomplished regardless of the fact whether it is tripped locally or remotely. 

To prevent the breaker from reclosure after tripping by the control key or 
the remote-control device, a pulse “prohibiting” the action of the ARC device 
is given simultaneously with or somewhat before the closure of the tripping 
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Fig. 8-5. One-shot three-phase ARC device with prohibited operation when 
breakers are tripped by control contactor or remote-control device without the 
use of two-position relay 


circuit. This is accomplished by connecting the negative terminal of the capacitor 
bank to the point “a” so that the capacitance is discharged. The function of 
resistor 4R is to limit the discharging current. 

As previously mentioned, further action of the ARC device requires 16 to 
20 s. When the breaker is tripped the capacitor charge constantly leaks through 
the contact 7R-2 and the parallel coil of relay 2AR to the negative terminal 
of the bank. This prevents automatic reclosure of the line after it is reconnected 
to a short circuit by the control key or remote control device and after the breaker 
is tripped by the protection system. 
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As in the circuit shown in Fig. 8-4, blocking against repeated reclosures and 
tripping operations at any trouble, including a burned contact in the relay 2A R, 
is performed by relay 3AR. 

Another way to realize an ARC system at remotely controlled substations 
is by using a two-position relay, type PII-352 (Fig. 8-6) to start the ARC device. 
A specific feature of this relay is that, when current flows in one of its coils 
(the first one) the relay armature sets in a certain fixed position and remains 
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Fig. 8-6. One-shot TPARC device with prohibited operation when breakers are 
tripped by control contactor or remote-control device with the use of two- 
position relay 


in this position after the current flow has ceased in the first coil. The other fixed 
position is occupied by the armature only when a current flows in the other coil 
of the relay. With such a relay in the control circuit of the breaker, a control 
key with an automatic return to the neutral position is used or a push-button 
with automatic return after the contacts in the ON/OFF circuits have closed. 
The ARC device operates as follows. 

When the breaker is tripped (in the initial position): 

The blocking contact BC-W of the breaker is closed; thus, the breaker closing 
circuit is prepared. 

The position fixing relay FR (type PII-352) is in the position corresponding 
to the preliminary current flow in the coil O, contacts FR-J and F R-2 are closed, 
and contacts FR-3 and FR-4 are open. 
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The contact F R-2 completes the operative negative current circuit to dis- 
charge capacitor C of the ARC device. 

The FR-1 contact prepares the circuit of the W coil of relay FR. 

After closing the breaker manually or by the remote-control device (RCD) the 
RCR relay operates as its circuit is closed by the BC-O blocking contact of the 
breaker. The coil W of the relay FR is closed. The position of the armature of 
relay FR changes, i.e., the contacts FR-3 and FR-4 close and the contacts 
FR-1 and FR-2 open. 

The BC-W blocking contact opens and the ROR relay becomes deenergized. 
The capacitor C starts to charge. The charging time (as mentioned) is 16 to 20s. 

When tripping the breaker manually or by the remote-control device (RCD): 
the circuit of coil O of relay FR becomes connected (through the contact FR-3) 
simultaneously with supplying a tripping signal to the breaker coil OS. The 
relay FR is set to the position corresponding to the tripped position of the brea- 
ker. The contact F R-4 opens and the operative current is removed from the time 
relay TR of the ARC device after the relay ROR has picked up (after closure of 
the blocking contact BC-W of the breaker) and no reclosure occurs. 

When tripping the breaker from the protection system or if tripping is sponta- 
neous the fixing relay FR and the breaker will be in different positions. The 
FR relay obtains the position in which its contacts FR-8 and FR-4 are closed. 
After the breaker has tripped and the relay ROR operated, the time relay 7R 
of the ARC device closes through the circuit completed by the contact FR-4. 
The time relay picks up after the specified time has elapsed. The capacitor C 
will discharge into the coil 2A R,,,. The relay 2AR will operate and reclose the 
breaker. 

If the short circuit on the line persists, the line will be tripped. No reclosure: 
from the ARC will take place as the capacitor C has discharged and the charge 
leaks off through the closed contact of the relay TR and the coil 2A Rpar- 

The relay FR resets after attending personnel have set it to the position in 
which the contacts FR- and FR-2 are closed while the contacts FR-3 and FR-4 
are opened. 

After the breaker is closed manually at a short circuit no automatic reclosure 
takes place, as the capacitor C is not yet charged. The short circuit will be cleared 
during the capacitor charging time and the relay ROR will remove the operative 
current from the time relay of the ARC device. 

Multi-shot ARC devices. Since 1955, two-shot ARC devices are widely used 
in the USSR. Three-shot ARC devices are not widely applied as their use means 
the installation of more complex equipment as compared to the single- and 
two-shot ARC devices (a motor-type multistage time relay is required). They 
may be used if the breakers are suitable for operation with three-shot ARC 
devices. 

In the USA power systems three-shot ARC devices are used with the opera- 
ting time of 2 s for the first cycle, 15 s for the second cycle and 60 s for the third 
cycle. For the USSR power system the time of the third cycle is 5 minutes. 

The two-shot ARC devices can be made by using two sets of one-shot ARC 
devices with different operating times or a purposely designed circuit (Fig. 8-7). 


266 


CHAPTER EIGHT 


This device employs the same elements as the circuit of the one-shot ARC 
unit (Fig. 8-4). The circuit of the mismatch position, which determines whether 
a reclosure is feasible, is formed when the breaker automatically trips, when 
the relay 7A R functions and circuit 4-5 of the control contactor remains closed 
(i.e., when the position of the control contactor corresponds to the closed posi- 
tion of the breaker). The time relay TR functions. The contact T R-3 opens and 
places the resistor 5R into the circuit to ensure the thermal stability of the coil 
of relay TR. Some time later, a period which determines the operating time 
of the first reclosure, the sliding contact T R-2 completes the discharging circuit 
of the capacitor ZC through the coil of signal relay ZSR, the parallel coil of 
relay 2AR and on to the negative terminal of the power source. 
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Fig. 8-7. Two-shot three-phase 


(a) developed diagram; (b) condensed diagram; circuit 4-5 is closed 
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The relay 2AR functions, holds itself by the series coil and feedsa closing 
signal to the breaker via the coil of signal relay 8SR, jumper (bridge) J and 
contact 3A R-2. 

If the automatic reclosure is effective, the breaker remains closed. The relay 
IAR becomes deenergized, the relay TR resets and the capacitor JC starts to 
charge through the circuit formed by the positive terminal of the power source, 
closed contacts 4-5, resistor 3R and the negative terminal of the power source. 

If the automatic reclosure is ineffective, the breaker trips again and the 
relay ZAR functions once more. The time relay TR again starts time counting 
and closes the contact T R-2. In this case, the relay;2A R does not function, as 
the capacitor ZC is not yet charged (the charging time is 20 s). The end contact 
T R-I closes‘(its setting being 10 to 15 s) and another:closing signal is fed to the 
breaker, as the capacitor 2C has discharged through the coil of signal relay 25 R 
and the parallel coil of relay 2A R to the negative terminal of the power source. 
The relay 2AR functions and feeds a signal to close the breaker. 
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If the second automatic reclosure is ineffective, the breaker is again tripped 
by the protection system. The relays ZA R and TR repeat their operation. How- 
ever, no closing signal will be fed as the capacitors IC and 2C are discharged. 

With the breaker tripped and the relay ZAR closed, the capacitors 1C and 
2C cannot be charged, as their charges leak off to the negative terminal of the 
power source through the coils of the relays. 

A circuit is provided in the device to prohibit the first and second reclosures. 
by discharging the capacitors ZC and 2C through connecting them to the negative 
terminal of the power source via a circuit which includes resistors ZR and 2R. 

The protection is speeded up each time the ARC device operates, either thro- 
ugh the use of the contact 2A R-2 or with the aid of an auxiliary contact of the 
relay {AR which controls the circuit of the relay ATR. 

The relay 3AR guards against repeated reclosures of the breaker in case the 
closing signal is continuously applied (an example may bea trouble in the ARC 
device) or if a short circuit on the transmission line persists. After the action 
of the protection system or after the tripping signal is given, the contactor 
breaks the closing circuit at the 3A R-2 contacts. If at the same time a closing 
signal is given, the relay 3AR holds itself by the contact 3A R-I closing the 
parallel coil. Simultaneously a signal is given. 

Jumper (bridge) J makes it possible to disconnect the ARC device and change 
over its action to signal. 

Mechanical two-shot automatic reclosures turn out to be less effective because 
it is impossible to obtain a controllable time (not too small) for the first auto- 
matic reclosure. Therefore, mechanical ARC devices are replaced with electrical 
ones which allow for the required reclosure time. The mechanical ARC perfor- 
mance can generally be improved through the use of mechanical ARC devices 
of two-shot action. 

In this case, when the first automatic reclosure (whose operating time is not 
adjustable) is ineffective, an electric motor is automatically turned on which, 
6 to 10 s after the second tripping operation of the breaker, resets the reclosure 
mechanism (a weight is lifted or a spring loaded) through a reducing gear and 
the trip mechanism operates. After the second reclosure of the breaker, the 
circuit of the motor driving the reducing gear is automatically disconnected. 

The complex design of mechanical ARC devices dictates their replacement 
with electrical ARC devices. 


8-3. Single Tie Lines Between Power Stations 
and Substations with Synchronous Loads 


When parallel operation of power stations or parts of a power system is 
carried out over single tie lines without parallel links (Fig. 8-8) disconnection 
of a line section disturbs their synchronous operation. This should be taken into 
account when installing ARC devices on these lines. 

We now consider the principles underlying the ARC devices which may be 
used under the given conditions. 
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ARC for a sectionalized region. Under normal operating conditions the regional 
load is divided into two parts so that if breaker 5 trips (Fig. 8-8) one part con- 
tinues to receive supply from the power system and the other part is supplied 
from a local power station. The generation output of the power station is balan- 
ced to suit the load. When breaker 5 is closed the local power station operates 
in parallel with the power system. 

When section AB of the tie line is at fault, the load of substation B cannot 
be continuously supplied from the power station since this causes overloads on 


Sys tem 





2 Load 


Station 


Fig. 8-8. Example of a circuit diagram 


the station generators and reduces the frequency and voltage in the region 
remaining connected to the power station. If no measures are taken to unload 
the generators the result may be tripped generators and lost supply to the station 
auxiliaries. 

To prevent this, breaker 5 is furnished with a protection which will trip it 
when a short circuit on sections AB, BC, and busbars C, occurs. Sometimes the 
busbar switch of the power station or substation is used as breaker 5. 

Usually for this directional real power protection is applied whose action is 
controlled by an underfrequency relay. This type of protection trips breaker 5 
when the frequency falls and the real power is directed from the busbars C, 
to the busbars C}. 

Similar operations to sectionalize the load are accomplished when section BC, 
is isolated or when a lack of power occurs in the power system with a resulting 
decrease in the load frequency. 

The breakers tripped by the protection devices of sections AB and BC, 
are reclosed by the ARC devices. The ARC device of breakers J and 2 is made 
with a time delay and waiting time for the instant the line is at no voltage, 
i.e., it waits for the instant when breaker 5 is tripped. 

lf no-voltage indication is not provided, then to prevent asynchronous con- 
nection, breaker 5 is furnished with overcurrent directional protection operating 
without additional time needed for tripping this breaker at any short circuit 
on the lines running from busbars C, towards the power system, on the power 
system lines and the lines supplying the loads of the area assigned to the power 
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system. Here sections AB and BC, are regarded as lines supplied at one end, 
i.e., the loads assigned to the power system will restore their operation after 
effective automatic reclosure of breakers Z and 2, while the protection units 
and the ARC devices are not installed from the side of breakers 3 and 4 (the 
breakers also may not be installed). Breakers Z and 2 are furnished with ARC 
devices of the same types as those employed by the lines supplied at one end. 

Reclosure of breaker 5, i.e., recovery of the normal circuit is performed 
manually or automatically if the voltage across busbars C, is restored and is in 
step with the voltage across the busbars C}. 

ARC of supplying line combined with automatic devices removing excitation 
from synchronous capacitors (motors) when the supply of the substation is stopped. 





Af 

l Supply li % 

upp y tne 

l 

vo 

Recetving sudstattor. 
8 
12 
16 

\ % 

20 





Q 02 04 06 08 140 142 14 16 48 s 


(a) 6) 


Fig. 8-9. Changes in frequency on terminals of synchronous capacitor after 
tripping the supply line 
(a) supply circuit; (b) relationship between frequency and time 


Fairly often the receiving substation supplied through transmission lines from 
one side is furnished with a synchronous capacitor to maintain the busbar voltage 
of the substation at the required level. When the line is tripped at the supply 
end the synchronous capacitor (Fig. 8-9) or the synchronous motors installed 
at the receiving substation continue to revolve due to inertia. The result may 
be a prolonged arc extinguishing process and the excited synchronous machines 
may be given an asynchronous reclosure. This causes asynchronous connection 
currents producing severe mechanical torques in the windings and on the shaft. 
Synchronous motors are usually not designed to operate under such conditions. 
Many types of motors, for instance low-speed synchronous motors, have starting 
characteristics at which no resynchronization may be obtained unless the exci- 
tation is removed. 
Therefore, for effective automatic line reclosure the reclosure time of the 

breaker from the supply side must be greater than the total time taken by trip- 
ping the synchronous load or removing the excitation and extinguishing the- 
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arc. To make automatic reclosure more effective, it must be combined with the 
operation of the automatic devices which accomplish, after an effective auto- 
matic reclosure of the line, reclosing of the synchronous loads (for example, by 
reclosing the excitation when the hyposynchronous speed is reached). 

To accelerate the automatic reclosure of the line, the tripping of the synchro- 
nous load or removal of its excitation should be as rapid as practicable. 

There are several methods of making automatic devices respond to the 
tripping of the supply line. It should be noted, however, that the use of an un- 
dervoltage relay at the receiving substation does not provide a sufficiently rapid 
action, as the terminal voltage of the synchronous motors and synchronous 
capacitors may be sustained long after the removal of supply due to the running 
of the excited machines under inertia and because of the action of the devices 
forcing the excitation. 

The first method. The tripping of the supply line is detected by a frequency 
relay responding to the frequency of the voltage maintained by the synchro- 
nous motors or synchronous capacitors (SC). 


When the supply is tripped the speed reduction of these mechanisms is given. by the 
expression 


dô 
Aoiz = a (8-1) 





where Aw,, = decrease in the angular speed 
6,. = relative angle between the emf vectors of the synchronous capacitor (motor) 
and the system 
Within a 10 to 20 per cent speed reduction the rotor of a synchronous machine may 
be regarded as being uniformly retarded, then 


A Pi on 
2 Pn Tin 


where P, = total load remaining connected to the motor (SC), losses included 
nominal power rating of the motor (synchronous capacitor) 
inertia constant. With synchronous motors this is the inertia constant of 
the motor-driven mechanism unit 
On = 2nf, = angular speed before the fault 

The changes in the angular speed can be determined from (8-2) 

a dd42 Pi On 

or it may be determined as a percentage relative to the angular speed of the normal before- 
fault operation [also see (5-18)] 
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Figure 8-95 shows the changes in the speed with different P,/P, ratios. It 
is seen from the figure that after the tripping of the supply line, the frequency 
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at the stator terminals very quickly drops to a value less than the settings of the 
last groups of the automatic frequency control devices (46.5 Hz). 

For instance, when the SC carries a load three times its rating, the frequency 
falls to 44 Hz in 0.16 s and with a load half the SC rating, in 0.98 s. If a syn- 
chronous motor carries the rated load and operates in parallel with asynchronous 
oe having the same load, then the frequency decreases to 46 Hz in about 

15 s. 

Thus, a frequency relay having a setting less than that of the last group of 
the automatic frequency control device may be used as an indicator of a tripped 
supply line. 
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Fig. 8-10. Frequency changes at receiving substation 


The second method. The supply line tripping is detected by a device respon- 
ding to the frequency change rate. Use is made of the difference in the rate of 
frequency change in the case of power lack in the power system and when a 
substation furnished with a synchronous capacitor (motor) is deenergized. 

Figure 8-10 shows an approximate change characteristic of frequency when 
30 per cent of the generation is tripped (line 7). The characteristic is construc- 
ted on the assumption that the power system generators decelerate uniformly 
during the frequency fall from 50 to 40 Hz due to the effect of a real power deficit 
after tripping the generation sources. The inertia time constant of the rotating 
mass of the power system is assumed equal to 15 s. 

The fall of the power system frequency is roughly determined from (8-4), 
assuming that P,/P, = 1.3 


Af% =~ 1.3t a 8.71 (8-6) 


When the generation drops by ais amounts, the frequency varies still 
less. Fig. 8-10 also gives a change characteristic in the substation frequency 
when the power supply line is tripped and when a load of about 50 per cent of 
the SC rating remains connected to the synchronous capacitor (line 2). As seen 
from the figure line 2 falls faster than line Z. 

Shown in Fig. 8-11 is the circuit of a device whose operation is based on the 
above mentioned difference in the rates of frequency changes. Frequency relays / 
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and 2 are adjusted to the operating frequency f, and fẹ When the frequency 
falls below f, (48 Hz, for instance), frequency relay Z functions and closes time 
relay 3. If the frequency change rate is small, time relay 3 opens the circuit of 
auxiliary relay 4 before the contacts of frequency relay 2 are closed (the setting 
fo is less than the operating frequency f,, 47 Hz, for instance). Relay 4 has no 
time to close the contacts thus it does not act to trip the FDC unit or the SC. 

If the frequency drops quickly, this takes place when the supply line is 
tripped, relay 2 closes the contact quicker than relay 3 can operate and open 


To disconnect 
or discharge 


the SC field 





Fig. 8-11. Device responding to frequency change rate 


the contact. Relay 4 operates and continues to hold itself after relay 3 has opened 
the contact with the preset time delay. Relay 4 trips the SC or removes its 
excitation. 

The third method. The tripping of the supply line in this instance is detected 
by a real power relay connected to the current in the supply line and the voltage 
across the busbars of the receiving substation. Under normal conditions real 
power flows to the busbars of the receiving substation. When the transmission 
line is tripped the power flow towards the busbars of the receiving substation 
stops and the power relay closes the circuit to trip the synchronous lvad or dis- 
charge the field (directly or through the auxiliary relay). if the synchronous 
power load is small, as compared with the total load, a current relay may be 
used in place of the power relay. 

Under normal conditions the contacts of the current relay are open due to 
the effect of the load current. The contacts close when the line is tripped. The 
reset current of the relay must be greater than the current generated by the 
synchronous motors when the supply line is at fault. 

It is good practice to use the real power (current) relay in conjunction with 
an underfrequency relay. The supply line tripping is indicated by two factors: 
no real-power flow which is detected by the power relay, and the frequency fall 
revealed by the frequency relay. The operation of both relays allows the operating 
setting of the frequency relay to be 48 to 48.5 Hz, without the risk of its misoper- 
ation when the power system frequency falls due to a lack of power which in 
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its turn speeds up the change of the synchronous load to operation with removed 
excitation (or the tripping of this load), i.e., makes it possible to speed up the 
action of the ARC devices from the supply substation side. 

The variants of the circuit of a device which automatically removes the 
excitation of the SC with subsequent reclosure of the field circuit after effective 
automatic reclosure of the supply line are illustrated in Figs. 8-12 and 8-13. 


10 Gisectmecs, 
synchronous capecttor 












To disconnect 
FDC device 


+ 





isp] 70 connect 
FDC device 





From 1st and 2nd 
voltage transformes 


Fig. 8-12. ARC device of synchronous capacitor 
1 -— voltage relay; 2 — underfrequcncy relay; 3 and 4 — time relays; 5 — axiliary 
relay; 6 — relay delayed in reset; 7-9 — series resistors; 10-13 — signalling relays; 
14 — switch; 13 — contact on the main breaker (closed when breaker is turned on); 
16 — jumper; PR — contact of real power relay used in supply line (closcd when line is 
disconnected and no power flow toward receiving station). When relay PR is used the 
circuit shown in broken line is open 


The excitation is reapplied either after a specified time (provided the busbar 
voltage of the receiving substation is restored (Fig. 8-12) or after a speed close 
to the synchronous speed is reached (monitored by relay 8, Fig. 8-13). 

If the voltage fails to recover within the specified time, i.e., the automatic 
reclosure of the supply line is ineffective, provision is made to trip the SC. 
Relay 8 responds to the current in the rotor winding. It is an auxiliary relay 
with delayed armature dropout. The frequency of the rotor current pulsations 
with the FDC device tripped corresponds to the slip value. The FDC device 
is turned on at a slip equal to 5 per cent. Relay 9 ensures the single action of 
the pulse closing the FDC device. 
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Asynchronous ARC devices use the same circuit as the ARC devices on the 
transmission lines supplied at one end. The simplicity and reliable operation 
of such ARC devices account for their use on lines supplied from both ends. 
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Fig. 8-13. ARC device of synchronous capacitor 


1 — voltage relay; 2 — underfrequency relay; 3-5 — time relays (heat resistant); 6-7 — 

auxiliary relays; § and 9 — relays delayed in reset; 10-14 — signalling relays; 15 — switch; 

16 — resistor; 77 — jumper; PR — contact of real power relay used in circuit of supply 

line (closed when line is disconnected and no power flow toward receiving station). When 

relay PR is used the circuit shown in broken line is open. BC — contact on the main 
breaker (closed when the breaker is turned on) 


The conditions for automatic asynchronous reclosure are the same as those 
for asynchronous reclosure of the transmission lines. Asynchronous automatic 
reclosure needs special protective relaying. 

The first protection version. The principal protection of tie lines is one which 
does not respond to currents and voltages during asynchronous operation and 
synchronous swings. This may be the differential phase high-frequency protec- 
tion. Protection units responding to zero or reverse components of the electrical 
magnitudes are used as a back-up protection against asymmetric short circuits. 
The operating time of these protection units must overlap the possible non- 
simultaneous phase closures of the breakers and current decays in the protection 
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circuits. As shown experimentally, the protection operating time should be 
not less than 0.15 s. 

Back-up protections against symmetric short circuits are made with a time 
delay and respond to total currents and voltages. These protections are furnished 
with an interlocking device that can close the circuit in the case of asymmetric 
operation and prohibit operation when the starting element opens the contact; 
this prevents misoperation when the swing period increases before the power 
system is pulled in synchronism. 

The interlocking circuit is shown in Fig. 8-14. Contact K of the starting 
element which responds to a surge in the magnitudes of backward sequence 
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Fig. 8-14. Protection blocking circuit 


(the contact of blocking agains hunting) closes for a short time the circuit of 
time relay TR. 

If a surge arises due to a short circuit occurring in the region under the effect 
of the ohm relay OR, the latter functions and provides holding the relay TR 
and its operation at the specified setting. If a surge occurs during asynchronous 
reclosure with simultaneous operation of the relay OR, the coil of relay TR 
remains closed until the relay contacts open in the first hunting cycle. This 
done, the coil of relay 7R cannot close, as its circuit is opened by the contact 
blocking against hunting. Thus, if the hunting cycle increases before pulling 
in synchronism, it will have no effect on the operation of the protection system. 

In order to prevent the protection from operating directly after an asyn- 
chronous reclosure, the characteristic of relay OR should be desensitized with 
respect to the equalizing currents of asynchronous operation and the protection 
must operate with some delay (0.7 s and more). 

The second protection version. To eliminate interphase short circuits, the 
line is equipped with a distance protection with a stepped time delay and a 
stepped protection responding to the current and voltage of zero phase sequence 
in order to eliminate earth faults. 

The distance protection against three-phase short circuits has a blocking 
device that closes the operative circuit only in the case of a surge in the back- 
ward-sequence quantities for the time the contacts of the protection starting 
element remain closed. The circuits of the first zone and the measurement 
circuits of the second zone open 0.2 to 0.3 s after the surge arises. The time within 
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which the blocking unit becomes ready for repeated operation must overlap 
the total time lapsed from the instant the breaker of the line being protected is 
tripped after the short circuit to its reclosure by the ARC device. 

The protection system and the automatic reclosure device operate as follows. 
When a short circuit occurs, the line is tripped at both ends. The operating 
time of the ARC device used at one end is set to a smaller value than at the 
other end, but greater than the tripping time of the breaker used at the opposite 
end of the line. When the breaker is closed from this end of the line a quick- 
acting protection is placed into operation for 0.5 s. At this instant the distance 
protection against three-phase short circuits from both end of the line is ren- 
dered inoperative by the blocking unit responding to a surge in the backward- 
sequence quantities. 

If the short circuit persists, the line is instantaneously tripped, if cleared, 
the line remains completed. 

At the other end, the device waits for a voltage. The AARC device is sup- 
plemented by a voltage relay to check the line voltage recovery; or, when such 
a relay is not available, it is‘made with the time overlapping the tripping time 
of the line at the opposite end. 

By this moment, the accelerating circuits of the protection responding to 
swing currents are rendered inoperative by the ARC devices. The distance pro- 
tections against three-phase faults are also rendered inoperative by the swing 
blocking unit. No line trippings due to equalizing currents take place after 
AARC. 

While after the reclosure at one end the line is under voltage, a fault is 
hardly probable at the moment the breaker at the opposite end of the line is 
closed. However, for safety, it is better to use non-selective accelerated protec- 
tion against asymmetric short circuits with an operating time of 0.15 s at both 
ends of the line when the ARC device functions. As indicated earlier, this time 
makes the protection non-responsive to non-simultaneous closures of the breaker 
phase contacts. 

The first stage of the earth fault protection should have the same time if its 
operating current is not isolated against the maximum currents resulting from 
asynchronous connections. 

The accelerated non-selective protection against asymmetric short circuits 
is rendered inoperative after the first and second distance protection zones have 
been returned into operation. Should current and voltage ripple occur after 
a non-selective reclosure no false tripping occurs with a protection attempted 
in this way, since the protections responding to swings are automatically ren- 
dered inoperative. 

It should be noted, that with asynchronous automatic reclosure devices the 
usual protection systems need no complications, assuming that in some cases, 
after the ARC devices have operated, the protection system will trip the line 
if it has no short circuit, thus reducing the total percentage of effective auto- 
matic reclosures. 

The installation of the AARC devices should be coordinated with the types 
of the sectionalizing automatic devices used in the power system to stop asyn- 
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chronous operation. When automatic sectionalizing instantaneous devices are 
available, the reclosures accomplished by the AARC devices will cause in most 
cases the sectionalizing devices to operate and divide the power system. Oper- 
ation of the AARC devices will be effective only on the tie link to the planned 
point of sectionalization. 

When use is made of automatic sectionalizing devices with a swing cycle 
counter or those which can control the duration of asynchronous operation 
within a prescribed time, sectionalizing after operation of the AARC devices 
will take place only if up to the moment of the sectionalizing operation no 
resynchronization has occurred. 

In most cases, when installing AARC devices, it is good practice to use 
the automatic sectionalizing units with 15 to 30 s time delays; these divide the 
power system within this time, if for some reason no resynchronization happens. 

The purpose of the high-speed ARC devices (HSARC) is to promote reclosures 
so that the angle between the emf vectors of the sectionalized parts does not 
reach the 6,, value at which their synchronous operation is disturbed. In fact, 
high-speed automatic reclosures are accomplished also asynchronously but 
under conditions less severe than the asynchronous automatic reclosures (AARC). 
Thus, the high-speed ARC devices reclose the line without the preceding short- 
time or prolonged asynchronous operation. Successful high-speed automatic 
reclosure is followed only by decaying synchronous swings. 

Because of the short no-power interval, the HSARC is effective only in the 
case of short-time faults, such as flashovers in damp weather, lightning arc-overs, 
etc. To obtain HSARC, high-speed breakers are necessary to have short no-power 
intervals. In the USSR the HSARC systems are employed only on lines equipped 
with air circuit breakers. The HSARC can also be accomplished with thyristor 
switches now under development. 

The no-power time of the HSARC permitted according to the parallel oper- 
ation stability is determined by calculating the stability. Roughly, it is found 
as follows: during the short circuit and the tie link tripped state the emf vectors 
must not be parted by an angle greater than the critical angle e, at which 
reclosures without asynchronous operation are still possible. 

The angle 6,, is assumed approximately 60-70 degrees. If, under before-fault 
conditions the angle 6, = 20 degrees, then during HSARC the angle increases 


O42 = 6, — Ôn = 40 to 50 degrees (8-7) 


If the generators with load P; are working into an infinite-power system 
through a tie line, then, when the line is broken and supposing that the rotor 
motion is uniformly accelerated, we may write in correspondence with (8-2) 

1 Py On 


‘a= 3 By Fin 





#2, rad (8-8) 


Since wo, = 2nf, when Tin = 10 s, we have 


i Pi 
Nae o Pach (8-9) 
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From (8-8) and (8-9) the no-power critical time of the breaker, i.e., the time 
during which the auxiliary contacts remain open, can be roughly calculated. 

If P,/P, = 1 ,i.e., if it is supposed that the generators fully work into the 
tie line and that 8{, = 50 degrees from (8-9) we find that 


t =0.23 s 


Fhe HSARC devices are used only on lines furnished with high-speed protec- 
tion means. With the protection operating time of 0.04 s, the no-power time 
of the breaker should be 0.19 s. As the arc-extinguishing time of the breaker is 
0.06 s, the time left to deionize the arc space on the transmission line is 0.13 s. 
As mentioned before, this time is the minimum permissible to prevent the arc 
restriking after the deenergization of a 110 kV transmission line. 

An increase in the HSARC no-power time adds to the arc extinguishing and 
restoration of the insulation. However, the risk of disturbances to the synchro- 
nism between the parts of the power system rises as well. 

It follows from (8-9) that an increase in the no-power (current) time may be 
tolerated when only a part of the generation is transmitted over the tie line. 
This can be so when some amount of generation is consumed by the local loads, 
when the generators are partially loaded, or special measures are provided to 
automatically reduce the output of the generators (turbines) which accelerate 
after tripping the tie link (by emergency braking the generators through adding 
resistances to the stator circuit, or rapidly stopping steam admittance). 

When installing HSARC devices, performing reclosures at considerable 
angles 6,,, measures should be taken to prevent misoperation of the protection 
due to equalizing currents. This should be done in a manner similar to that used 
when installing an asynchronous ARC device. 

In the Soviet Union high-speed air breakers are available without an exter- 
nal isolator, but with an internal isolating switch inside the circuit breaker 
reservoir. The arc chutes of the breakers have a carrying capacity of 2,000 am- 
peres and a breaking capacity of 6,000 MVA. 

The 500-kV circuit breaker has 10 arc chutes connected in series. The arc 
chutes are connected in series with an air-filled isolator. The isolator has four 
similar break sets each of which includesa stationary contact and a moving one. 

With the breaker in the closed position there is no compressed air in the arc 
chute and isolator spaces. To trip the circuit breaker, compressed air is forced 
to the arc chutes. The appropriate valves are controlled by a pusher coupled with 
the core of the tripping coil. The arc is extinguished by a jet of compressed air 
when the contacts of the arc chutes are open. 

Simultaneously compressed air is supplied through non-return valves to the 
pistons of the isolators, their contacts are parted and form a gap giving the 
required dielectric strength. The contacts are held in this position by compressed 
air and then the arc chute contacts make. 

When compressed air is supplied in the tripping cycle of the breaker, the 
moving contacts of the isolator compress the return springs, therefore to close 
the breaker it is only necessary to open the release valve. This valve is actuated 
by the core of the closing coil. 
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The HSARC operations on the breakers is accomplished by a closing pulse 
fed from an ordinary ARC device. The pulse time overlaps total time sufficient 
for arc extinction in the are chute and for deionizing the arc space at the point 
of fault (0.2 s for 110-220-kV lines and 0.35-0.4 s for 330-500-kV lines). After 
this, the contacts of the arc chute close to complete again the current-carrying 
circuit. When the automatic reclosure is ineffective, as the fault persists, the 
protection system repeats its action and the breakers are tripped completely. 

For low-speed ARC breakers with internal isolators the closing pulse must 
be fed by the ARC device as soon as the isolator contacts have fully parted. This 
is why the dead time (no-power time), during such an automatic reclosure, in- 
cludes the time taken by the isolator contacts to part a distance to suit the 
dielectric strength of the formed gap (0.14 to 0.16 s) and the breaker reclosing 
time (0.8 to 1.0 s). 

HSARC may be used in conjunction with other types of automatic reclosures 
(for instance, with OPARC on single lines and with TPARC on parallel lines; 
in the latter case, when parallel links are available and when the tripping of 
one of the lines does not disturb the synchronism, use is made of TPARC and, 
when the parallel link is disconnected for repair, of HSARC servicing the re- 
maining single line). 

ARC devices which seize synchronism (ARCSS) are applied on single tie 
lines and on tie lines having small carrying capacity bypass links, if the use of 
AARC or HSARC is impossible. The ARCSS device seizes the convergence of 
frequencies of the asynchronously operating parts of the power system or indi- 
cates that the difference of the frequencies lies within the specified value. The 
device sends a control pulse to reclose the breaker when the frequency difference 
reaches a certain value, and so that the reclosure takes place at small phase 
angles between the voltages (50 to 70 degrees). The ARCSS device allows for 
possible reclosures at frequency differences up to 4 per cent (1.5-2.0 Hz). Since 
the reclosure takes place at small angles, the ARCSS operations cause no per- 
ceptible current surges or asynchronous operation. Sometimes the reduction of 
the slip between the asynchronously operating parts, required for accomplishing 
ARGSS, is possible only after the use of stand-by power or the unloading of the 
power system part lacking generation (manually or by means of AFC devices). 
After tripping a tie line and disturbance to the synchronism between the source 
of generation, this line is reclosed at one end of the transmission line when it 
has no voltage, and at the other end of the line when a voltage occurs (appears) 
in step with the busbar voltage. 

The circuit of the ARC device is similar to that shown in Fig. 8-4, plus relays 
responding to no-voltage across the line or the busbars or to absence of voltage 
synchronism on the busbar and line (Fig. 8-45). 

Waiting for no-voltage is achieved by applying the d.c. negative pole to the 
coil of relay TR (Fig. 8-4) via the contacts of voltage relay U, at the line volt- 
age. The time delay of time relay TR is greater than the time to clear a short 
circuit at the opposite end of the line. It is assumed that with a line short circuit 
the end of the line furnished with the ARC device is disconnected quickly, for 
instance by the first stage of the distance protection, and from the other end 
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it is disconnected slowly, for instance by the second or third stage of the pro- 
tection. 

Synchronism seizing at the other end of the line by means of the ARC device 
is accomplished because the d.c. negative pole is applied to the time relay TR 
only when the angle between the vectors of 
the line and busbar voltages does not exceed | <-> Jo coil of relay TR 
the angle at which the synchronism check 
relay closes its contacts. If the line and busbar 
voltages are in step, the synchronism check 
relay will keep its contacts closed and the relay 
TR will function to promote the reclosure. If 
the vector speeds of the line and busbar volt- 
ages are different, i.e., there is a beat (Fig. 
8-16), the device operates as follows: the relay 
TR operates within the zone between points J 
and 2, as in this zone the synchronism check 
relay holds its contacts closed (point Z corres- 
ponds to the relay reset instant and the clo- 
sure of its contacts and point 2, to the relay 
pickup instant and opening of these contacts). 

A control pulse to close will be given if 
the time the contacts are closed is greater 
than or is equal to the time relay setting 
relay TR: 

Point 3 is determined by the tpiehup sett- 
ing of the synchronism check relay. This sett- Fig. 8-15. ARC device which seizes 
ing should be selected so that when a closing synchronism 
pulse is fed at point 2 the breaker is closed 
at point 3 with a critical angle not greater than ô., = 70 to 75 degrees. 

Usually the pickup angle Ôpicrhup is between 40 to 55 degrees. With a reset-to- 
pickup ratio of 0.80, the reset angle 5. = 32 to 46 degrees. Thus, the time relay 
operates within the range of angles 6,, 


512 = Cpickup (1-+&,) (8-10) 


where k, is the reset-to-pickup ratio of the synchronism check relay. 
If the frequency difference, i.e., the beat frequency 





fe=fi—fe (8-11) 
the angle between the emf vectors changes in 1s by 
&° = 360f, (8-12) 


The angle turn by 6;, will correspond to the time 


t= Bie 
300/, 





(8-13) 






Oni ckup 
r 





(6) 
Fig. 8-16. Operation of ARC device with synchronism seizing 


(a) changes of angle between emf vectors in asynchronous operation; (b) operating range 
of time relay of ARC device (the range area is limited by angle 6,.) 





(6) 





Fig. 8-17. Synchronism check relay 
(a)jjdiagram exp'aining operating principle; (b) relay connection diagram 
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If the pickup time of the time relay is tpickup the beat frequency 
f at 12 Z Öhichup (1 kr) 
$ 360 pickup 360t pickup 


When k, = 0.8, Ôpicaup = 40°, and tpichup = 2 S 
Pee aha 0.1 ie 


(8-14) 





= 360-2 360-2 
When k, = 0.85, Spichup = 09°, and tpichup = 2 S 
fe=0.14 Hz 


Used in the device shown in Fig. 8-17 as the relay checking the angle Ôpichup 
is a relay responding to the vector difference between the voltages. Such a relay 





Fig. 8-18. Connection of synchronism check relay to coupling capacitor on the 
line and to voltage transformers on busbars 
(a) connection diagram; (b) vector diagram 


may be a voltage relay whose coils are opposing each other. Applied to one coil 
is the busbar voltage, while the other relay coil is at the line voltage taken from 
a voltage transformer or from a device for capacitor voltage take-off which is 
connected to the line (Fig. 8-18). 

The relay picks up if the resulting flux in the relay core is greater than the 
flux corresponding to the pickup voltage. 

To comply with Fig. 8-47a 


| Upicnup | =| AU] =|Ui—U | (8-15) 
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Corresponding to the pickup voltage Upicnup is the angle Ôpichup. If | Ù, | = 
=] U, |, then 


AU = 2U sin Že (8-16) 


Being given the required setting of angle pickup the voltage across the relay 
may be determined as follows 


Spi 
U pickup = 2U sin eile (8-17) 


When the relay range is limited, the angle between the voltage vectors 
(Spichup), at which the relay picks up, can be widened if one coil of the relay is 
connected to the voltage U 4o and the other, to the voltage — U co. In this in- 
stant the additional shift between the voltage vectors will amount to 60 degrees. 
If one of the relay coils is connected to the voltage U ,, and the other, to the 


voltage A,c/V 3, the additional shift will be 30 degrees. Thus, with a relay 
whose pickup setting adjustment reaches 40 degrees, the pickup setting range 
may be enlarged to 70 or 100 degrees. Taking into account the possibility when 
the angle between the vectors of the busbar and line voltage changes its sign, 
which characterizes what part of the power system before the fault was receiving 
or sending real power, a second relay is used. 

For example, if one relay functions at a pickup angle adjustable within the 
range from plus 70 to minus 10 degrees, the other relay has a setting range from 
minus 70 to plus 10 degrees, i.e., the setting range is +70 degrees. 


At the initial stages of the practical use of the ARCSS devices, reclosures were performed 
at frequency differences of 0.5 to 1 Hz. To improve the operation efficiency of the ARC 
device with synchronism seizing, the Belorusenergo designed a scheme which ensures parallel 
operation reclosures at frequency differences ranging from 0 to 1.9 Hz with a maximum angle 
error of --45 degrees. 

The ARC device operates as follows (Figs. 8-19 and 8-20)[8-31. 

Two synchronism check relays are installed with an operation setting angle of 45 degrees. 
The setting is adjusted directly on the relay by changing the spring load or connecting the 
relay to the busbar and line voltages shifted in phase. The relay 7SCR is installed so that 
with the phases coincident the resulting m.f. equals zero and the spring holds the contacts 
1SCR-2 closed. The relay 2SCR is connected so that with the phases coincident the resulting 
m.f. is at its maximum and as a result the closing contacts 2SCR-1 are closed. 

When the angle between the vectors of the voltages being synchronized is less than 45 
degrees, the relay 7SCR supplies power via the tripping contacts JSC R-2 to the coil of relay 
IATR. The latter has a dropout delay of 0.15 s. 

The tripping contacts of relay 7SCR break and its closing contacts make when the phase 
angle between the voltages exceeds 45 degrees. As this happens, the time relay ZTR picks 
up and the coil of the relay ATR becomes deenergized. After the contact of 7A TR has ope- 
ned, the time relay ZTR remains energized through the self-holding circuit, as it is connected 
by the instantaneous contact J7R-1. 

If the frequency difference is small (less than 0.7 Hz), the time relay functions until 
the angle exceeds 360— 45 = 315 degrees and promotes the self-holding after the contacts 
ISCR-1 open. The contacts 7SCR-2 close and, as the contact 7 TR-2 continues to be closed, 
the output relay AR,,; functions and closes the breaker. 
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If the contacts 7SCR-J open till the operation of the contact 77 R-3, i.e., if the frequen- 
cies differ by more than 0.7 Hz, the coil of the time relay becomes deenergized and the cir- 
cuit of the A Rouz is opened by the contact ZT R-2 before the contacts 7SCR-2 have closed. 


us ~CBus 
{TR-3 
J ITR-1 
f Synchronism seizing at 
| 15CR-1 fATR| ITR frequency dtfferences up 
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Fig. 8-19. ARC device with synchronism seizing 


PR — contact of pressure relay (when use is made of air breaker); BC — blocking con- 
tacts of breaker 


When the frequencies being synchronized differ by 0.7 to 1.3 Hz, the relay sliding contact 
IT R-4 has time to operate from the instant the contact 25CR-I closes and the contact 2SCR-2 
opens. As this happens, the relay AR,,; functions. 

To close the breaker at a frequency difference from 1.3 to 1.9 Hz, a part of the circuit 
(dashed line in Fig. 8-19) is added, and the relay ZTR is supplemented with sliding contact 
ITR-5. 

The operation of the device is clear from Fig. 8-20c. 

Single reclosures and resetting operations are promoted by the relays 27R and 3AR. 
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The two-end supply lines are susceptible to one-end trippings (if an arc is 
extinguished when one end is tripped quicker than the other with an abrupt 
current drop in the arc channel, or due to malfunction of a protection device 
during a short circuit at the adjacent feeders or lines). If the tripping occurs 
where the line no-voltage condition is detected automatic reclosure will not 
take place if a voltage is present due to the generation source at the other end. 
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Fig. 8-20. Operating diagram of ARC device circuit (Fig. 8-19) depending on 
the difference between frequencies of the voltages being synchronized 


(a) connection at frequency differences up to 0.7 Hz; (b) same at frequency difference from 
0.7 to 1.3 Hz; (c) same at frequency difference from 1.3 to 1.9 Hz: Tol das — design 


.de 
closure time from the instant the command signal is given to the instant the contacts of 
the breaker are closed (taken as 0.4 s) 


Therefore, in many cases a no-voltage check relay (with a view to promoting 
the line tests) and a synchronism seizing relay (with the object of closing for 
parallel operation) are installed. The automatic reclosure time is set so that 
the breakers at both ends cannot be simultaneously closed when the line is 
tripped at both ends. 

When the line tripping from both ends may render the busbars of the sub- 
station connected to one of the ends deenergized (for example, due to disconnec- 
tion of the generating plant), the ARCSS device cannot function. In this case, 
in parallel with the contacts of the relay controlling the voltage synchronism 
the contacts of the relay responding to the no-voltage condition of the busbars 
are connected. When there is no voltage across the busbars ARC operation of 
the line breaker is allowed. 
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Therefore, the circuit of the ARC device must include a voltage relay to 
allow the breaker to be reclosed when no voltage exists across the busbars, a 
synchronism relay waiting for the synchronism of the line and busbar voltages, 
and a voltage relay responding to the line no-voltage condition. All the three 
relays function when there is no voltage across the line and busbars, and the 
corresponding relays operate when there is no voltage across the line or across 
the busbars. These relays respond to the no-voltage condition and when the 
line and the busbars have a voltage, the synchronism seizing relays function 
(Fig. 8-15). 

The synchronism seizing ARC device waits for the time when parts of the 
power system may be paralleled. This is why such ARC devices may be regarded 
as plain automatic synchronization devices facilitating the work of the operators 
accomplishing synchronism when, on the order of the dispatcher, the frequencies 
of the sectionalized parts of the power system are equalized prior to subsequent 
paralleling, or when the conditions causing the ARC operation come after the 
AFC devices have operated in the part of the sectionalized power system where 
real power is lacking. 


8-4. Tie Lines and Parallel Links 


When attempting automatic line reclosures in a ring-type system, the fol- 
lowing facts should be considered: 

(a) Disconnection of one line should not interrupt the power supply to con- 
sumers or disturb the electrical link between substations. Thus, the operating 
time of the ARC devices may be somewhat longer, than in the case of a line 
with one supply end. However, the operating time of the ARC devices should 
not be too long, as a rapid reclosure may prevent the break of the electrical link 
between substations due to the tripping of other lines (from frequent lightning 
surges, in particular where no overhead earth wires are used). 

Moreover, line reclosures prevent overloads to the other lines of the ring 
network. 

Automatic reclosures are of particular importance when unattended sub- 
stations serving transmission lines are not equipped with remote-control line 
breakers. If ARC devices are not available, the reclosure operations will take 
much time with prolonged abnormal operation of the circuit. 

(b) An ARC operation can be effective if the breakers at both ends of the 
line are reclosed after the line has been tripped at both ends, otherwise the arc 
at the point of fault may persist and the line disconnects again. 

(c) A ring circuit may have one or several power-supply points. Substations 
of the ring circuits with one power-supply point may turn out to be under one- 
end supply conditions when one of the lines is disconnected for repair. In such 
conditions, each effective automatic reclosure prevents prolonged interruptions 
in power supply. 

The ring lines employ ARC devices of the same type as the lines supplied at 
one end. The ARC devices are installed at the line ends and make the breaker 
reclose after its tripping. 
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Sometimes to simplify the protective relaying system, a ring circuit (with 
one power-supply point) is disconnected to form two parts. In such instances the 
power supply to these parts with a line short circuit is accomplished as if the 
substations are fed from one end. The loads of one part of the circuit are switched 
over to the other part manually or automatically only in the case of ineffective 
operation of the ARC device. 

On two parallel links, ARC devices without synchronism check are installed 
if, when one link is tripped the other link is permitted to asynchronously close 
after its opening. If asynchronous reclosures cannot be tolerated the lines of a 
ring circuit are equipped with ARC syn- 
chronism seizing devices. 

When three and more parallel links 
are available between the power stations 
of a ring network with several power-supply 
points simultaneous disconnection of all 
the links is considered unlikely. That is 
why it is not necessary to use more ela- 
borate ARC devices. The lines are fur- 
nished with ARC devices without syn- 
chronism check as it is ina ring circuit 
supplied from one point. Taking into 
account that faults may occur repeatedly 
during repairs, ARC devices providing 
Fig, 8-24. ARC device circuit with checke synchronism checks are sometimes used. 

ing for synchronism Such ARC devices ensure tripped lines 

reclosures only when the bypass links 

remain in operation, i.e., when the power-supply sources operate synchrono- 

usly. The ARC devices incorporate elements which check the voltage syn- 

chronism on both sides of the breaker being reclosed. ARC operations are 

prohibited if these voltages lose synchronism; this may ‘happen when all 
bypass links are tripped. i 

The ARG synchronism seizing devices and synchronism checking ARG 
devices differ from each other in that the former automatically perform reclo- 
sures when the synchronism is sustained or, in the case of disturbances to the 
synchronous operation, “siezes” the most favourable instant to give a control 
pulse to reclose the breaker at a fairly large slip, while the latter accomplishes 
automatic reclosures after a preassigned time lapse if the synchronism is not 
disturbed during this time, or conditions arise under which the disturbance 
slip decreases to a permitted value. 

The ARC devices for parallel lines have the same underlying principles as 
the lines of a ring system. Use is made of the above-described ARC devices, in 
particular the ARC devices with synchronism seizing and AARC devices where 
asynchronous reclosures are permissible. The specific configuration of the circuit 
allows parts of the power system to be checked for synchronism after one of the 
parallel lines without relay checking the voltages for synchronism is tripped. 
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This is accomplished by a current relay connected to the current of the other 
operating line. 

The operating principle of the circuit is seen from Fig. 8-21. 

Automatic reclosures on line Z are allowed when the current relay connected 
to one of the current transformers of line 2 functions and vice versa. If the ARC 
device is made according to the circuit diagram in Fig. 8-4 the presence of current 
may be checked by exciting the circuit of the coil of time relay TR included in 
the ARC unit of one of the parallel lines, through the contacts of a current relay 
whose coil carries the current of the other line. 

In order that the current relay trips the contact for sure when the line is 
tripped at the other end, the reset setting of the relay should be greater than 
the value of the line capacity current. 


8-5. TPARC Devices on Air Circuit Breakers 


_ The tripping of an air circuit breaker from an ARC device is permitted only 
when the compressed air pressure in the breaker reservoirs, before the first 
tripping of the breaker, is sufficient to accomplish the completion of the first 
tripping operation, the reclosure from the ARC device, and another tripping if 
the short circuit persists. 

-~ With air circuit breakers rated at 35 to 500 kV the minimum pressures at 
which the manufacturer guarantees reliable short circuit clearing are tabulated 
in Table 8-3. È 

Table 8-3 


Compressed Air Pressures at which Air Circuit 
Breakers Clear Short Circuits 


Minimum. pressure 


at which the Pressure drop during 


Type of breaker. breaker can reas PA EAA 
o cuit, $ 
a S kgf/cm? metic? 
BBH-35 15 2.5-3 
BBH-220/7000 16 2.5-3 
BBHR-500 16 3 
Breakers of other types 18 3 





As tripping a breaker decreases the compressed air pressure by 3 kgf/cm?, 
the pressure available after the first tripping before the reclosure from an ARC 
device should be, to allow for possible reclosure due to a persisting short circuit, 
greater than the minimum value at which the breaker can clear a short circuit 
by 3 kgf/cm?. This pressure is not less than 18 kgf/cm? for BBH-35 breakers, not 
less than 19 kgt/cm? for BBH-220/7000 and BBHP-500 breakers, and not less 
than 21 kgf/cm? for other types. These calculations take into account the fact 
that the compressed air consumption for closing the breaker is small and that 
1901513 
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the compressed-air loss is replenished in the tripping-reclosing-tripping cycle 


from compressed-air mains. 


Certain air breakers control circuits’provide adjustment of the compressed- 
air pressure and the trigger circuit of the ARC device by an electrical pressure 


+o — 
AR 





AR-2 
L> | 75 circuit for 
starting ARC 
evice 


Fig. 8-22. Circuit for control of starting 
circuits of ARC device in air breakers by 
means of electrical pressure gauge 


gauge as shown in Fig. 8-22. The ARC 
device will operate only when the pres- 
sure indicated by the pressure gauge 
PG, after tripping the breaker and 
closing the contacts of the opening 
solenoid OS, exceeds the pickup sett- 
ing. In this case, the relay AR, which 
holds itself closed by its A R-1 contact, 
function and completes the ARC device 
triggering circuit by its AR-2 contact. 
The relay AR remains closed until the 
self-holding circuit is broken at the 
contact of the breaker closing solenoid 
(CS). A likely pressure decrease in the 
opening-closing cycle does not stop 
the action of the ARC device. 


In order to make the operation of the breaker control device independent of 
pressure drops likely to occur during its functioning, provision is made to 


+ 





Fig. 8-23. Control circuits of air breaker 
CK — contact of contfol key; PR — contact of output protection relay; OS — contacts 
on solenoids of opening coils (in phases B and C); CS — contacts on solenoids ofjclosing 
coils; Ba Bp, B,— blocking contacts closed when A, B and C phases of breaker are closed; 


1ATR—relay with dropout delay up to5s; 2AR 


ser Series coil of relay blocking against 


multi-shot reclosures; 3AR — auxiliary relay; C and R — capacitor and resistor to improve 
arc extinguishing 


bypass the repeater relay contacts which control the air pressure by the blocking 
contacts of the electromagnetic closing and opening coils. In addition, to ensure 
reliable tripping of the air breakers, provision is made to “pick up” the tripping 
pulse with subsequent interlocking after the breaker has tripped for about 5 s. 
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Fig. 8-24. Schematic diagram of control, signalling and air breaker ARC 
circuits with light indication of the condition of operating circuits 
1TR — time relay; 2AR — auxiliary relay; 3R, 4R;, 4R, — series resistors; 5C — capa- 
citor (element of ARC device); 6 SR — signalling relay; 7J — jumper; &AR — auxiliary 
two-coil relay; 9AR and 10AR — auxiliary relays; 21ATR, 12ATR — relay delayed in 
reset; 13R, 14R, 15R and 17R — series resistors; 16C — capacitor; 18L through 25L — 
pilot lamps; 26R — series resistor; 1PG, 2PG — electrical pressure gauges; CK — control 
key; BCB, BCB,, BCB, — blocking contacts of breakers of phases A, B, C; CS. CS», 


CS. blocking contacts of closing coil solenoids of phases A, B, C breakers: OS), OSyp». 
os, — blocking contacts of opening coil solenoids of phases A, B, C breakers 
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To facilitate the operation of the contacts of relay ATR (a relay delayed in 
dropout up to 5 s) performing the deblocking operations, use is made of three 
series-connected contacts (Fig. 8-23). 

The circuit with light monitoring of the condition of the operative lines for 
control, signalling and automatic reclosing of air breakers is schematically 


Start of ARC 
device 


BR - par. 
Breaker closing 








pe-a CS ŽAR 2AR 
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Fig. 8-25. Control circuit of air breaker with ARC device waiting for pressure 
recovery 
FR —two-position relay 


illustrated in Fig. 8-24. This diagram shows the above-mentioned pickup of the 
tripping pulse, which may not be used for the BB-200, BB-220 and BB-400 
breakers having devices for the pneumatic pickup of the control pulses. 

Figure 8-25 shows one more variant of the ARC circuit of air circuit breakers. 
A specific feature of this variant is its ability to perform automatic reclosures 
with waiting for the pressure to build up to the rated value (16 kgf/cm?) when 
it has dropped during the accomplishment of the control pulse clearing a short 
circuit. 
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The circuit employs a two- -position fixing relay FR, type PI-352. When 
a discrepancy arises between the position of this relay and that of the breakér; 
in the case of its disconnection from the protection device, the contact of relay 
FR closes the circuit of the ARC device relay, type PIIB-58 (see Fig. 8-4). Use 
is made of a control key with automatic return to the. neutral position. When 
the breaker is closed by the control key or by a remote-control device (RC), 
a prohibiting pulse is fed to the ARC device by the discharge of capacitor C 
through resistor 4R. This prevents the breaker from automatic reclosure, when 
it is being closed manually to a short circuit. 2 

The compressed-air pressure is indicated by the electric pressure gauge / PG: 
When the pressure drops below 16 kgf/cm? the pressure gauge contact opens and 
breaks the coil circuit of relay 2AR (coil 2AR,). In this case, the 2A R-2 and 
2A R-3 contacts open to remove the operating current from the closing and opening 
coils of the breaker which must not operate at pressures below 16 kgf/cm’. 

If the pressure is restored the contact of {PG makes and the relay 2AR 
functions. The closing-opening circuit of the breaker is recovered as well as the 
circuit of the ARC device which is completed by the contact 24 R- 1 (with the 
coil of 2AR, deenergized, the contact 24 R-1 is open with the result that the 
ARC device is automatically disconnected when the compressed-air pressure 
is below 16 kgf/cm’). 

Connected in series with the contacts 2AR-2 and 2A R- are holding coils 
2AR, and 2AR,. This is to complete a closing or opening operation if during 
their execution the compressed-air pressure becomes less than 16 kgf/cm?, a fact 
likely to happen for a short time. 

To improve the reliability of the operating circuit, the contacts 2AR-2 
and 2AR-8 with their holding coils 2AR, and 2AR, are connected in parallel. 
Resistor Jr, (500 ohms) helps the operation of the position relay CPR and ee 
even when the air pressure becomes less than 16 kgf/cm?. , 


8-6. Conclusions à 


1. ARC devices are very important as they improve the operation reliability 
of power systems. Newly developed three-phase ARC devices for lines supplied 
from one end or two ends are now in service in the USSR. 

2. The ARC devices used on lines supplied at one end are specially important 
as their efficient operation prevents outages with prolonged interruptions to the 
power supply. Installation of two- or even three-shot ARC devices is advisable. 

3. For tie lines between power stations and/or parts of the power system the 
use of an asynchronous ARC device gives good results in all cases when the 
mechanical efforts in the generators and transformers caused by asynchronous 
reclosures do not exceed the rated values, and when asynchronous reclosures are 
followed by rapid resynchronization. In this case the protective relaying system 
must be adapted to the operation of the AARC. 

4. The expediency of ARC use in a sectionalized area should be considered 
for a given power system, and with a synchronous load supplied from the power 
system through a single transmission line, the operation of the ARC device at 
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the supplying end must be coordinated with the automatic control devices 
which change over the synchronous load (synchronous capacitors and motors) 
to.operation with discharged field and accomplish the subsequent, resynchroni- 
zation after effective reclosures. 

.5. The operating time of the ARC devices should be as short as practicable, 
but sufficient to extinguish an open arc and deionize its space after clearing the 
fault. The operating time of the ARC device must include the line tripping time 
from both ends and for lines supplied from one end, also the decaying time of the 
voltage sustained®by the coasting of the asynchronous and, in particular, the 
synchronous load. 

6. The circuit breakers installed on the transmission lines must allow for the 
use of ARC devices. Air circuit breakers must have sufficient compressed air 
to perform reclosures with allowance for the possibility of connecting to a per- 
sisting short circuit. The accomplishment of high-speed automatic reclosures 
needs specially designed circuit breakers and quick-acting protection for the 
lines. The HSARC devices give good results in instances when the synchronism 
of paralleled parts of the power system is not disturbed during the dead time 
and the arc space can be deionized. 

7. For the lines of a ring system supplied at several points the design of 
ARC devices must be considered from the point of view of maintaining synchro- 
nism and the possibility of asynchronous reclosures. 

8. When in service, operational specifications should be adhered to, in 
particular (84). 

(a) When installing ARC devices consumers’ consent is not required. 

(b) When for some reason ARC devices are not installed on a line supplied 
from both ends or they are temporarily absent (inoperative) one end of the line 
must be furnished with an ARC device able or not able to check for opposite 
voltage, so that the line can be automatically voltage tested with the aim of 
facilitating its subsequent reclosure. 

(c) When overhead lines rated at any voltage, cable lines up to 35 kV; 
busbars and transformers without ARC devices are automatically tripped (if 
this does not disturb the power supply), the operators must immediately reclose 
them one time without warning the consumers, inspecting the equipment or 
undertaking other operations. 

Excepted from this are lines, busbars and transformers to which an asynchro- 
nous voltage may be applied with current surges dangerous to the machines. 
When undertaking asynchronous connections, attending personnel must con- 
sider the possibility of asynchronous operation and take measures to eliminate it. 

(d) With overhead lines, single reclosure must be performed, when no ARC 
device is availablefor if it is at fault, also in the cases when the power supply 
is not disturbed. One reclosure must be performed manually (if attended or 
equipped with remote-control means), also after an ineffective reclosure, if 
the tripping disturbs the power supply or limits the number of consumers 
due to overloading of the lines remaining in operation. 

(e) The list of lines for which manual reclosing is compulsory after ineffec- 
tive automatic reclosure must be established beforehand. 
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8-7. Review Questions 


4. Why does the cause of the fault often disappear after clearing a short circuit? What 
is meant by an effective automatic reclosure? What determines the efficiency of ARC devices? 
What accounts for the effective operation of ARC devices on cable circuits? 

2. Why is the percentage of effective two-shot automatic reclosures greater than that 
of single automatic reclosures? 

3. Describe the conditions determining the minimum operating time of ARC devices 
on the lines supplied at one end and at two ends. 

4. ARC devices on overhead transmission lines adds to the reliable operation of these 
lines during thunder storms. How do you explain this fact? 

5. An ARC device installed on a 110-kV one-end supply line is under repair. The line 
has disconnected from the protection system. May you reclose it immediately manually 
without preliminary inspection of the equipment? 

6. May a line rated at 35 to 220 kV supplying a power system area, be closed manually 
after it has been tripped by a protection unit, reclosed by an ARC device and again tripped 
by the protection unit? 

7. What are the operating time limits for single, two-shot and three-shot automatic 
reclosures performed on lines supplying power to loads from one end? 

8. What are the advantages and disadvantages of the ARC devices started from a pro- 
tection unit as compared with ARC devices started when the breaker and the control key are 
in different positions? 

9. How is ARC operation prohibited in the device shown in Fig. 8-4? 

40. What makes the ARC devices perform single action and two-shot action? Sketch 
a circuit blocking the repeated reclosures of circuit breakers. 

41. The coils of relay 2A R (see Fig. 8-4) are wrongly connected and the magnetic fluxes 
arising when current flows in the coils during the operation of the ARC devices and during 
feeding of a closing pulse are opposite to one another. Will the ARC device operate reliably? 
What should be done to change the polarity of the magnetic flux induced in the series coil? 

12. Draw a diagram of an ARC device suitable for installation on transmission lines 
run from the busbars of a substation under reinote-control (unattended substation). 

13. Determine the time taken by the ARC device in Fig. 8-4 to be ready for operation 
after the circuit breaker is closed manually. 

The voltage across the storage battery Uy; = 110 V, the pick-up voltage of 2AR relay 
Unichup = 22 V and the capacitance of capacitor C = 20 pF. 

Solution. After the breaker is closed by the contactor, the capacitor C starts to charge. 
The relay 2AR will be able to function if at the moment its coil is activated by a voltage 
whose magnitude, determined by the voltage Ug across the capacitor, becomes greater than 
the pickup voltage Upicnyp- 

The moment the capacitor is connected to the relay coil, the voltage across the terminals 
of the coil of relay ZAR starts to decrease to the law 


Uo =Ue t/R,.C 
where Uc = voltage across the capacitor 
U = voltage to which the capacitor was charged 
t= time, s 
R, = resistance of the coil of relay 2AR 
Since the relay 24 R takes a certain time to operate, it is necessary for the voltage across 


the capacitor terminals to be at least 2.5 to 3.5 times the pickup voltage of the relay 2A RL8-8], 
i.e., it must be 


(8-18) 


Uc = kU pickup (8-19) 
where k = 2.5 to 3.5. More accurately k, (safety factor) for actual types of relays is deter- 
mined experimentally. 


„ _ The capacitor is charged to the law 
~t/R 
Ug = Voge "EO (8-20) 
where R is the charging resistance. In the example we assume R = 1.4 Mohm. 
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Easily determined from (8-19) and (8-20) is the charging time teharge after which the 
voltage across the capacitor reaches the value at which the relay 24, being connected to 
the capacitor, will reliably function. After this the capacitor starts to discharge through the 
coil of the relay 


= Ubat 
aii ROM a (8-21) 
Hence 
110 
tcharge =1,100,000-20-10~6 In 710 — 3-22 (8-22) 


tcharge +221n2.5~ 20s 


14. Estimate the different methods of establishing ARC devices on single tie lines between 
two parts of a power system. Under what conditions is it permitted to perform asynchronous 
automatic reclosures? l 

15. Give an evaluation of different methods of accomplishing ARC devices on transmis- 
sion lines of a ring system supplied at several points. 

16. Determine the tentative dead time of HSARC operations when the generators carry 
full load and supply half the power to the power system through a single line furnished with 
a HSARC device. The critical angle ô., = 80 degrees and the initial angle ô;„ = 20 degrees. 
The inertia constant Tin = 15 s. 

17. May a HSARC device be used on a 500-kV single transmission line which carries 
the full power of the hydroelectric generators loaded to their rated output? The minimum 
dead time when the arc is deionized is 0.4 s. The inertia constant Tin = 10 s. 

18. May an automatic synchronizer be used in an ARC with synchronism seizing? 

149. What are the specific ways of fulfilling protective relaying devices when AARC 
devices are installed? — 

20. What are the actions of the operators, when the transmission line is tripped when 
the tripping coincides in time with the checking operation of the ARC device (the ARC 
device was disconnected)? 


Chapter Nine 


ONE-PHASE AUTOMATIC RECLOSURE OF POWER 
TRANSMISSION LINES 


` 


9-1. Earth Fault and Tripping of One Phase 


In electrical power systems which have the neutrals of transformers and 
autotransformers earthed, the power when one of the phases is tripped, can be 
transmitted through the damaged section. As the electrical resistance of the 
section with one phase tripped rises, the amount of the power being carried 
should be reduced (to roughly 2/3 of the full power carrying capacity). With 
persistent one-phase short circuits on lines supplied at one end, on single lines 
supplied at both ends and also on lines with laterals, this circumstance allows 
the section at fault to be changed over to continuous operation through a two 
phases—earth scheme [*1]. 

Detecting a fault on the phase conductor, the tripping, reclosure and sub- 
sequent disconnection of this phase or the whole section at fault are carried out 
by one-phase ARC devices (PARC). As changing over to operation with a two 
phases—earth circuit requires a number of manual operations (tripping the 
isolators on the phase at fault, changing the settings of protective relaying and 
ungrounding some of the neutral conductors to reduce the effect on the commu- 
nication wires), the function of the PARC device is, in most cases, to disconnect 
the faulty section with three phases after an unsuccessful reclosure. This makes 
the PARC device more simple. 

The best results are obtained from the one-phase (phase-after-phase) auto- 
matic reclosure on single-circuit tie lines carrying heavy loads. As compared 
to three-phase reclosures, the no-power (dead) time (as dictated by stability) 
may be tens of times greater (Fig. 9-1) (71. 

The disadvantages of the use of phase-after-phase automatic reclosure are 
as follows: 

Appearance of considerable zero-sequence currents flowing in earth under 
the two phases—earth conditions, which needs special measures to reduce the 
effect upon the communication wires. 

Necessity of using phase-after-phase breakers and their phase-after-phase 
control which makes the secondary circuits more intricate and increases the 
length and the number of cores used in the control cable. 

An increase in the system costs as required by installation of circuit breakers 
at the receiving end of single lines supplied at one end. 

The devices used for detecting a faulty phase and the protective relaying 
units operating together with these devices become more complicated. 
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When one of the phases of the circuit with a dead-earthed neutrals is at an earth 


fault, the voltage of the faulty phase, say phase A in Fig. 9-2, at the point of 
fault is zero. 


pe e-a. m 
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Fig. 9-1. Permissible no-power time due to tripping one or three phases with 
subsequent reclosure versus distance and type of three-phase or phase-after-phase 
ARC device as dictated by the stability of power transmission line over which 
the power station supplies power to power system 
lirip — fault tripping time 


The current at the point of short circuit 
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where z = impedance equivalent to that of the short-circuit loop 


E a = nominal emf value of phase A 
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Fig. 9-2. Currents at one-phase earth-fault point in circuit with heavy earth- 
fault current 









Using the method of symmetrical components, this current can be presented 
as a vector sum of forward-, backward- and zero-sequence currents (Table 9-1) 


A re E Fe (9-1) 
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Table 9-1 
Currents at Short-Circuit Point when Phase A is at Earth Fault 


Symmetrical components of currents 
Phase currents at short-circuit point 
Sequence of phases 


A B c forward backward zero 
e oe e ea e 4 e 1 e 4 
Ta=Tase Ip=0 I¢=0 Iasg Xx Ia= 5X Ig=3X 
Ia=1,1+| Ip=Init To=lot+ | xXUatelet |x Uatolgt x (a+ 
|] +Ia2+Io | +14 Be+Jo -H Zc2+ Io +a?Io) +alc) +HIgt To) 
4 
A E 
n |p o | w | m | iot 
| i wL] 
Ly alae I 
T Ia; Ig B2 C2 





The currents in the undamaged phases are Tas = 0 and ‘on = 0; thus 
0= j ere inne A AS 
and 
° fe . 
0 = I cise t Lozse + Lose 
These conditions and condition (9-4) are satisfied if 
I, isc = Tass = Togs (9-2) 
and 
ee = Blose (9-3) 


Currents J Atez; I Aase and I osc are accompanied by corresponding sequences 
in the system of voltages. 
For phase A at the point of short circuit the voltage 


Üa =U aise HÙ ase + Use =0 (9-4) 


The voltages U a2 and U ao decrease and the voltage U aı increases propor- 
tional to the distance from the point of short circuit. 
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-At the substation M the voltage of this or that sequence equals the vector 
sum of the voltages of the given sequence at the point of fault and the voltage 
drop of the corresponding sequence due to the impedance of this sequence 


U iin =U zise + Te Zimse ` 
e e ~Mse $ i 

U som =U azsce + Tag Zomse (9 5) 
. e Msc 

U som = U ose + Tao Zomsc 


Msc denotes in (9-5) the circuit section between the substation M and the 
point of short circuit sc. 

Taking into account (9-5), we determine the faulty phase voltage at the point 
of the relay installation at substation M 


y $ Msc z Msc Msc : 
Usam=TLati Zimse + LA? Z2mse +l ao Zomsc (9-6) 


The voltages of backward and zero sequences across the power source are 
zero, aS the emf vectors form a symmetric three-phase system. For ‘this point. 
(9- 5) may be presented as follows: 


ae = Ena = Uia F Tai 22, (97a) 
0 = seen EE ee (9-75) 
O= U ac F PO (9-7c) 


where £,, = nominal emf of the phase A 
Èz, z, and Èz, = system forward-, backward- and zero-sequence impedan- 
ces reduced to the point of short circuit 
An equivalent circuit for the short-circuit calculations is determined through 
the analysis of (9-7). 
As at a single-phase short circuit the short-circuit point satisfies conditions 
(9-2) and (9-4), we have 


Ena= = Tose (Èz, + Ez + 22) (9-8) 


Thus, the equivalent circuit must represent a series connection of the im- 
pedances %z,, Èz, and Èz, (reduced to the point of short circuit) which are at 
the nominal phase emf (Fig. 9-3). 

The current at the point of short circuit 


Toe 3E nA 

Ase z1 + Za- DZp 

The current at any point of the circuit is determined as a sum of currents 

flowing through the system section under consideration in compliance with 

the current distribution in the circuits of forward, backward and zero sequencies. 

If the line is supplied at one end (for example, from the M side), the impedances 
Zn = 2Zgn = œ and the equivalent circuit has the form shown in Fig. 9-30. 


(9-9) 
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With an open circuit in.one' phase, say phase A (Fig. 9-4), the current in this 
phase is zero and the voltage. between the m and n open-circuit points is U mc 





Fig. 9-3. Equivalent circuit for calculating currents during one-phase short 
circuit with dead-earthed neutral 


(a) general case; (b) for line sunpiled at one end with earthed neutrals of the transformers 
e supplying and receiving ends 


This voltage may be presented as originating of direct-axis (longitudinal 
emf) voltage across the open circuit gap 


AEoe=U 4 (9-40) 


being superimposed on the symmetric voltage system of the before-fault opera- 
tion. 

It follows from the above that, as in the two phases—earth operation, the 
system currents and voltages become asymmetric and current flows to earth 
during the PARC cycle (the PARC cycle time is the time elapsed from the in- 
stant a phase of the line is tripped to the instant it is reclosed). The value of the 
earth current is roughly about the same as the load current in the open-circuited 
phase under the before- fault conditions. To make the calculations of currents 


more accurate we proceed as follows: As the current I a = 0, then, in accordance 
with the basic relationships of the symmetrical component method, we have 


Ta=Tas tla th=0 (9-11) 


The components of the forward, backward and zero sequence of the direct- 
axis voltage at the point of open circuit are 


Us =Ü, =U =Ü, (9-12) 


These components of the direct-axis voltage are applied between the open- 
circuit points m and n of the equivalent circuits of the forward, backward and 
zero ‘sequencies. 

In compliance with (9-2) the points m,, Ma, and m, from one side of the open 
circuit are at similar potentials and may be interconnected. The points from 
the other side of the break n,, na and nọ are also equipotential. 
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The circuit used for calculations is similar to that shown in Fig. 9-4). Ip 
the case of a one-end supply, the circuit has the form shown in Fig. 9-4c. 

The equations determining whether the equivalent circuit is suitable for 
the purpose can be obtained analytically. Since the set of equations (9-7) is 





Fig. 9-4. Equivalent circuit with one open-circuited phase 


(a) circuit diagram; (b) equivalent circuit, general [case; (c) equivalent circuit when 
line is supplied at one end 


common to any asymmetric operation, we assume that E iM = i = En.ph 
and then, after subtracting expression (9-7b) and then (9-7c) from Yg- 7a), we 


obtain 


I eT PA A O (9-13a) 
and 
En. ph = {41221 — Ip 22 (9-135) 
In compliance with (9-11) 
L= — (Tar +10) (9-44) 


Hence, (9-13a) may be presented as 
En. ph Ta,D24 + (Tas + Ty) È Zo = la (2124 + Zza) + I Ez (9-15) 
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After solving (9-13b) and (9-15) and eliminating J,, we obtain 


Bn Èz + 229) = lzi [2024222 +- z1 2z + 


+ 2z: 2z] = Í 41 [2z (Zza + 22o) + Èz %20] 
or 


Ld e > 5 
Èn p= ia| at] (9-16) 


Thus, the equivalent impedance of the equivalent circuit includes the for- 
ward-sequence impedance reduced to the open-circuit point, which is series- 
connected to the parallel connected backward- and zero-sequence impedances. 


Cascade disconnection of phase at earth fault. To analyse the operation of the protective 
relaying and discriminating elements of PARC devices, it is important to know_how the 
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Fig. 9-5. One-side tripping of faulty phase in the PARC cycle during one-phase 
short circuit of phase A 


(a) circuit diagram (figures 7, 2 and 0 correspond to forward, backward and zero sequences); 
(b) equivalent circuit; (c-e) forward-, backward-, and zero-sequence’circuits (shown in black 
is the breaker of tripped phase) 


current and voltage values vary during cascade one-side tripping of the faulty phase at the 
supply end of the transmission line (Fig. 9-5) when the phase A is disconnected from the 
side of substation M. On the N substation side all the three phases remain connected. 
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We assume a three-phase system where, in addition to the emf Enh the emf Toe applied 


across the break m — n and the voltage Use at the short-circuit point act. The joint effect 
of the emf and voltages is such that the conditions for current distribution among the phases 
of the three-phase circuit, which are characteristic of the asymmetric operation under con- 


sideration, are satisfied. These conditions are [9-3]; 


Géc 
A 


(a) No current flows in the faulty phase J6% = 0 at the point of open circuit. 


(b) With a lateral at short circuit, no current flows in the sound phases I” = ri = 0 


and the faulty phase carries Te = ge | 

(c) Since no generation is supplied from the substation F and the neutral conductor of 
the transformer of substation F is earthed, the same current equal to the zero-sequence current 
flows in all phases through the section F — sc to the point of short circuit 


ee = Fs Í Ese, jse Eseo 
(d) The faulty phase voltage at the point of one-phase short circuit is zero ge = 0. 


From the caiculation diagrams of the separate sequences of currents, voltages and imp- 
edances (Fig. 9-5c through e) it is seen, that 


=en (841) 
i=l g= (9-48) 
[COC 4 FFs (9-19) 
i s I Gee 5 pe (9-20) 


With closed electrical circuits the sum of the emf and voltage drops is zero, therefore: 
from Fig. 9-5c 


Èa UaU = lah (9-21) 

from Fig. 9-5d 
—US, —US, = 124258 (9-22) 

from Fig. 9-5e 
SUC RUE = J, 08 (9-23) 


Since, according to the condition characteristic of the asymmetry under consideration 


[= 
then 
Mtl +l f= 
i.e. 
70C roc yoc 
Io = — fa tl Y4) =0 (9-24) 


As I3 = Te = 0 it follows, that 
ie ey ey =I $= 9-25 
1A=l2a=/0 3 (9-29) 


DS 
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Since /$, =1%, (Fig. 9-5e) 
and 
1, =198, (Fig. 9-5d) 


with (9-25) taken into account, expression (9-24) may be transformed as follows 


[oe 2i (9-26) 
From Fig. 9-5e it is seen that 
— US = [Esaki sc {(9-27) 
With account of (9-20), we find 
—US = (I eee a F (9-28) 
After substituting the value of Uj from (9-28) into expression (9-23), we have 
—U% Iz Ti n aa Gey Za (9-29) 
Since 
eevee 
and 
7G — Pe art, = —2I% (9-30) 
then 
we EAT ig ae eT ac ante 
ene aN ae an ras (9-31) 
Adding the right and left sides of a (9-21), (9-22) and (9-23), :and taking. into 
account, that U= = 0, i.e., God Aa t ue = 0 and at the point of open circuit UA 
= ge = 0 and ue, = 7% =u , we obtain 
Babu a Te ae re. geet cp oer Gse 
With (9-30) taken into account 
E1a—3U% =1%,2 Fee er gor ieee 
Eig —3U6 = I, (28° 28°) r (9-32) 
Substituting the value of Uf from (9-31) into this expression, we have 
Big 6) a — 97 2) oc zhao E (z PE a a 27% z a 
hence 
Bex a = TA (gre ggs p hze 9zE 3°) 
or 
Es 


roe Fse 
I 14=1 0 Kan ase 4 4208 +. 92Fse (9-33) 


20—-01513 
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The zero-sequence current flowing from the substation M 


FMs fGen poe _97oc, 
and in compliance with (9-33) 
Ee eee, eee (9-34) 


zase Te ggSe j 4gs i ggEse 
The zero-sequence current flowing from the substation F 
epee 


and with (9-33) and (9-34) taken into account 


. 3E 
I Fse 2 A seers 9-35% 
"a4 288" 4z- gays noe 


It is seen from the above expressions that, when cascade tripping of an earthed phase 
is used, the zero-sequence currents flowing in the line MN from the substations M and N 
are far different in value from the currents flowing to the one-phase short circuit on the line 
MN when the faulty phase of the line is connected from}both the substation M and substa- 


tion N sides. 
To consider the effect of the load on the current flows in the phases and on their sym- 


metric components, the impedances ze and got and the corresponding load impedances 


should be placed into the equivalent circuits. This done, the current calculations are made 
with due consideration to the particular features of the operation being analyzed. The cal- 


culation techniques are dealt with in special literature [9-3], 


9-2. Types of Discriminating Elements of PARC Devices 


The implementation of one-phase ARC devices is possible provided specially 
designed elements are available that can determine which phase (of the three) 
is at fault and make the protection system trip this phase. During an PARC 
cycle the instantaneous protection units responsive to the currents and voltages 
of zero and backward sequences may malfunction. These protection units must 
be desensitized or rendered inoperative for the PARC cycle. In the latter case 
the instantaneous clearing of a line fault is a function of the PARC selectivity 
(discriminating) elements. 

Most simply discriminating elements may be realized on lines supplied 
at one end. 

At the supply end the faulty phase is detected by current relays connected 
to the phase currents of the line. Use may also be made of undervoltage relays 
connected to the phase voltages. 

Discriminating elements in the form of current relays cannot be used at the 
receiving end, as in the case of an earth fault, equal currents of zero sequence 
flow in all three phases. A faulty phase can be detected by the voltage relays 
connected to the potential transformer of the high-tension busbars of the recei- 
ving substation (Fig. 9-6). When a one-phase short circuit occurs on the line, 
the faulty phase voltage drops and the voltage relay connected to this phase 
closes its contact to permit the protection system to trip the breaker of the phase 
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at fault. When two or three voltage relays function simultaneously, this may 
be the case when two phases are earthing or in the case of a three-phase short 
circuit, provision should be made to block the output relays of the*device so 
that all three poles of the breaker are 
tripped. From 
To selectively detect a faulty protection 
phase, cosine type power relays con- z 
nected into a circuit shown in Fig. 
9-7[9%-+] may be also used. The current 
coils of the relays are connected to 


A B 





carry the current 3/,and the voltage 
coils to the voltages of phases A, B 
and C. The relay contacts are con- 
nected so that the protection circuit Fig. 9-6. Circuit of faulted'phase discrimi- 
intended for tripping the breaker of nator with undervoltage relay 
phase A is completed through the g 

tripping contact of the relay connected to the voltage U co and through the make 


Dawb 


contact of the relay connected to the voltage U 4o 
Fhe circuit tripping the breaker of phase B is completed through the closing 


contacts of the relay connected to the voltage U go and the breaking contacts 


From protection 


& 


NE 
Sy 
ing 


(6) 





Fig. 9-7. Circuit of faulted phase discriminator with power relay 


(a) circuit diagram; (b) diagram of currents and voltages (phase A is earthed; relay PR 
is a power relay of cosine type) 


of the relay connected to the voltage U,,. The make contacts of the relay 
connected to the voltage U ço and the break contacts of the relay connected to 


the voltage U pọ complete the circuit for tripping the breaker of phase C. 

It is seen from the vector diagram (9-7b) that in the case of a one-phase short 
circuit on phase A, the current 3/7, makes the first relay function, while the 
third relay is reliably braked with the effect that the circuit sharply detects 


20* 
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the faulty phase. It is easily seen that in the case of short circuits on the other 
phases, the discriminating element operates similarly. 

At the receiving substations the potential transformers are generally instal- 
led at the low-tension side of the power transformer. The discriminating ele- 
ments with power relays make it possible for them to be supplied from the 
voltage transformers installed at the delta-connection side of the power trans- 
former which uses an earthed neutral star-to-delta connection. Account is taken of 
the fact that a certain interphase voltage of the delta side corresponds to a cer- 
tain phase voltage at the star side. For example, interphase voltages (—U ca), 


From protection 


U t 
A (a) Up 
B’ 
JI, f } 
j BC 
CAY, 
U, B (ec) 
(5) 





Fig. 9-8. Circuit of phase discriminator with power relay of cosine type when 
the voltage coils are supplied from the delta side of the power transformer with 
star-connected windings and delta-connected neutral point 
(a) circuit diagram; (b) diagrams of currents and voltages 


(—U x'g’) and (—U g'o’) at the delta side of the power transformer correspond 
to the phase voltages U 4o, U go and Uco at the star side (Fig. 9-8b). The relay 
(Fig. 9-7a) can be connected by the circuit shown in Fig. 9-8a to ensure similar 
discrimination. 

Illustrated in Fig. 9-9 is the circuit of a current discriminator for an PARC 
device installed at the supply end of the line. The current relays CRA, CRB 
and CRC are current cutoffs connected to the currents of faulty phases with 
a reach covering the entire transmission line. If a one-phase short circuit occurs, 
then one current relay functions and closes one of the auxiliary relays ARA, 
ARB or ARC, which trips the faulty phase and triggers the ARC device. The 
latter recloses the breaker. In the case of unsuccessful reclosure, the faulty phase 
is tripped repeatedly and the consumer is supplied from a two-phase and earth 
circuit. When a two- or three-phase short circuit occurs, the circuit shown in 
Fig. 9-9 assures the tripping of all three phases with their subsequent automatic 
reclosure. The tripping is accomplished by the AR3P relay which picks up when 
any two relays of ARA, ARB and ARC function. 

With lines supplied from both ends, impedance relays with their phase 
current and voltage coils energized or directional impedance relays carrying 
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Tripping of one 
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Fig. 9-9. Circuit of current discriminating element of PARC device for lines 
supplied from one end (supply end) 


A, CRB, CRC — contacts of current relays; ARA, ARB, ARC — auxiliary relays; 
Rap — auxiliary relay for tripping three phases; BC-A, BC-B, BC-C — blocking con - 
tacts; OC-A, OC-B, OC-C — opening coils 





iP 


Fig. 9-10. Circuit of PARC device discriminating el: ment employing impe- 
dance relay 
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the current Í. == — Tpn + kl, and the voltage of the faulty phase are used as faulty 
phase discriminators. 

The circuit of a discriminator employing an impedance relay is shown in 
Fig. 9-10. When earth faults occur the discriminator, connected to the current 
and voltage of the faulty phase, measures the impedance 


IU pn | 





[2 r |= _ (9-36) 


I] 


When only one phase is earthed the terminal impedance of the relay of the 
faulty phase 
; oR Ae g ee Mee] Mae Me 
ee °M 
Toh se 

After adding and subtracting Į Msez Msc in the numerator and considering 
that for transmission lines z@s¢ — zMse, we obtain 


_ eke i Wage Sala J Mee) g Met Ge) 





rT . 
Msc 
Iph 
zMsc 7 Maey y Msc (zM Msc) 7 
= > (9-37) 
gJMse 
ph 
Hence 

F j Msc T “i 9 38 

Z, z= Z se Z sc _ Z, 8c o 
+4 ea (9-38) 

P 


is not a constant magnitude and depends on the current ratio [Msc] J Msc, 
The relays connected to the voltages of the sound phases measure large impedance 
values. If the pickup setting of the relay is less than the minimum operating 
impedance with account taken of its variations due to swings in the PARC 
cycle, the required discrimination action is obtained. 

Discriminating elements made up of impedance relays do not possess a sen- 
sitivity sufficient for long transmission lines carrying heavy loads. Under 
these conditions, better results are produced by the discriminating elements of 
directional impedance relays connected to the phase voltages and the current 


Ipn + kio (Fig. 9-44). 
In accordance with Fig. 9-14 such a relay measures the impedance 


ree M Msc __ geet oa 
e e he 
2Mscy Msc. 7 Mac (z8 — zM SC) IX +A sc 
1 h 0 1 
pa Sa Ee a EE ai 


I ph thi yt™ pM pr Me 
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‘When 
Msc__ „Msc 


pa A 9-39 
ais (9-39) 


Z, = 2Msc, i.e., the relay terminal impedance is proportional to the forward- 
‘sequence impedance from the relay to the point of the short circuit. The relay 


A B L£ 





Fig. 9-44. Connection diagram of PARC device discriminating element employ- 
ing directional impedance relays carrying U, =Upp and I, = I pn t klo 


(a) circuit diagram; (b) characteristics shown as coordinates R, jX; 1 — characteristic of 
faulted phase relay; 2 — characteristic of the line whose impedance is Zy 


operates, if this impedance is 


I ph t kI o 


where Zp. = relay pick-up setting equal to the diameter of the characteristic 
circle as determined by the R and jX axes (Fig. 9-114b) 


ọ = angle between the current Ip rth, and the voltage U pn impressed 
upon the relay 


œ = relay internal angle determining the maximum sensitivity region. 
The angle «æ is usually taken as equal to the angle of the line under 
protection, p; = 60 to 80 degrees 


That the points determining the location of the end of vector z, (by the axes R and jz) 
ecard form a circle having a diameter zp_,, is easily seen from Fig. 9-11d and expres- 
‘sion (9-40). 

The angle Oz,zp_,, in the triangle Oz,z,_, is a right angle based on the side zp_,,. Conse- 
quently the end of the vector z, slides along a certain curve so that at any values of cos (p — a) 
the triangle remains a right-angle triangle. This is possible only if the geometrical location 
of the points described by the end of vector z, is a circle with diameter z)_,,. 

To ensure the discriminating action of the relay in the case of short circuits through an 
arc near the installation place of PARC device, the characteristic of a directional impedance 
relay and its type are sometimes selected so that the zone of its action covers the substation 


busbars with a 10 to 15 per cent margin of the line length (the characteristic of the relay is 
displaced by this value). 


|zr|= 








XZ p-u COS (P — &) (9.40) 
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Circuits of the PARC device employing discriminating elements made up 
of impedance relays are complicated and have many contacts. The circuit 
becomes complicated because, in addition to its duties of detecting, tripping 
and reclosing a faulty phase, it must also: 

Promote the disconnection of the three phases in the case of interphase short 
circuits, persisting earth faults and failure of the discriminating elements. 

Prevent the operation of protection units which 

» can malfunction during the PARC cycle. 

Protect the line against an earth fault, should such 
a fault occur during the PARC cycle. 

Protect the lines (though not selectively), when 
the lines are changed over to prolonged operation 
under the two phases—earth conditions. 

The wide practical use of such devices in power 
systems is mainly hindered by the complexity of the 
PARC device circuits. Simpler requirements for the 
protection and automatic devices often call for repla- 
cement of one-phase ARC devices with three-phase 
ones when it is permitted under the operating condi- 
tions of the power system. 

a <a The circuit in Fig. 9-12 shows the group principle 
E E tinct underlying the PARC device which is applied in some 
bypassing a one-phase power systems abroad. When an earth fault occurs on 
short circuit with a brea- any of the transmission lines run from the substation 
ker on the faulted phase busbars, the protection of the faulty line functions and, 

after detecting the faulty phase, sends a trip- 
ping pulse to the similar phase of breaker S. The line, in this case, remains con- 
nected. After the similar phase of the breaker has closed, the short circuit is. 
bypassed. If a short circuit is effected through an arc the arc becomes extinguis- 
hed, 0.2 to 0.3 s later the breaker opens to restore the normal power supply. 

If the cause of the short circuit persists, then, after tripping the phase of 
breaker S, the short circuit on the faulty line makes the protection system fun- 
ction to disconnect the line through the three phases. This time, however, bre- 
aker S does not close. 

Instead of a breaker it was proposed that a jet of conductive liquid fired 
from a hydraulic gun could be used to bypass the faulty phase. The principle 
disadvantage of this method is that the short-circuit tripping time becomes pro- 
longed and the short-circuit point is transferred to the busbars. These circum- 
stances make the accomplishment of ARC operations by this method for inter- 
phase short circuits very difficult. 


9-3, PARC Circuit 


Shown in Fig. 9-13 is a circuit of a PARC-3 device developed at the All-Uni- 
on Scientific Research Institute of Power Engineering for 220-kV lines. The 
device operates as follows [9-51], 





Fig. 9-43. Circuit diagram of 
PARC-3 device 


DRA, DRB, DRC— contacts of dis- 
ctiminating relays installed on pha- 
ses A, B, C; ARA,'ARB, ARC, 
1AR, 3AR — auxiliary relay, type 
HOP-1; 2ATR, 4ATR, SATR — 
relay with delayed dropout; 6AR 
and 7AR — auxiliary relays; 1TR— 
time relay; VR» — relay of zero- 
sequence voltage; BC-A, BC-B, 
BC-C — blocking contacts of break- 
ers; IR — indicating relay; SR — 
series resistor 
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When a one-phase short circuit occurs, relay VR, functions and the relay 
IAR picks up due to the protection action. This relay holds itself closed with 
the contact /AR-J until the final contact of the time relay (ZT R-3) closes. The 
device then automatically resets. Contact /AR-4 opens the circuit of relay 
4ATR. Contacts 1A R-2, 1AR-3 and 1AR-5 prepare the circuits of the coils of 
relays 2ATR,6AR,7AR and AR. The discriminating elements (relays) DRA, 
DRB and DRC detect the faulty phase and close the parallel coils of relays 
ARApar, ARB par, and ARC par- Relays ARA, ARB and ARC function. These 
relays close the contacts and hold themselves closed through the series (hol- 
ding) coil and trip the faulty phase. 

Contacts ARA-4, ARB-4 and ARC-4 close the relay ITR, while contacts 
ARA-I, ARB-1 and ARC-1 additionally hold the relay closed through the 
parallel coil. The self-holding circuit is opened after operation of relay 3AR 
and opening of the break contact 3AR-/. Such connection ensures disconnection 
of the three phases in case the fault affects the other phases up to the moment 
the sliding contact of the time relay operates. 

The 5ATR relay is triggered from the contact 4A 7R-2 of relay 4ATR. These 
relays are reset delayed. One of the contacts of relay 4A7R performs the “pi- 
ckup” of relay IZVR over the circuit 44 7R-3—SR4. The total delay time of the 
relays SATR and 4ATR (about 0.5 s) is sufficient to allow the reset of the pro- 
tection units discriminated against uncomplete phase operations when the 
faulty phase of the line is tripped by the cascade method. The circuit of these 
protection units is controlled by contact 5A TR-2 which separates the circuits 
of the protection units isolated and not isolated against uncomplete phase 
operations and makes it possible for the protection units discriminated against 
the PARC cycle to accomplish tripping operations apart from the contacts of 
the discriminators. 

The relay 3AR functions after the sliding contact of relay ZVR has closed. 
The relay is self-held until the circuit is opened by the contacts of JAR, i.e., 
until the circuit is reset. The relay 3A4R closes the 2ATR relay through the 
contact JAR-2 and with the contact 3AR-1 opens the self-holding circuit of the 
tripping relays in order to obtain the possible subsequent reclosure of the bre- 
aker by the automatic controls. The contacts 2ATR-1, 2ATR-2 and 2ATR-8 of 
relay 2ATR switch over the circuit to trip the three phases and its contact 
2ATR-4 restores the self-holding circuit of the relays ARA, ARB and ARC. 

The three phases may be tripped also through relay AR,,; after the opera- 
tion of relay 5ATR (this circuit is a back-up protection intended to operate if 
ARA, ARB and ARC fail). 

The relays GAR and 7AR close the line in the time determined by the set- 
ting of sliding contact 77R-2 of time relay ITR. The closing circuit is excited 
through the two series-connected contacts of relays 6AR and 7AR to eliminate 
possible misoperation of the PARC device in the case of a baked contact. 

When a fault occurs on the other phases the output relays are blocked and 
‘the ARC operation is prohibited by contacts ARA, ARB and ARC through by- 
passing the coils of 6AR and 7AR. The three phases of the breaker are disconne- 
-cted from the AR,,, relay. 
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In the case of two- and three-phase short circuits all three phases immediate- 
ly trip without reclosure, as the relay 2ATR is closed by the protection units 
through the breaking contact of relay VR,, while the relays 6AR and 7AR are 
blocked in order to block a one-phase ARC and trip the three phases. 

A combined device for one-phase and three-phase ARC operations has been 
also developed. This device performs phase-after-phase automatic reclosure 
when one phase of the transmission line is tripped, and a three-phase automatic 
reclosure when the three phases are tripped. 


9-4. Use of TPARC Device of Double-Shot Type and 
Pole-After-Pole Isolators in Place of a PARC 
Device on Lines Supplied at One End 


On lines supplied at one end, the PARC device requires a breaker at the re- 
ceiving end. With the aim of saving equipment and simplifying the secondary 
circuits, the lines supplied at one end can be equipped with double-shot TPARC 
devices and pole-after-pole isolators controlled either manually or remotely 
in place of a PARC device. In this case, the receiving end is not furnished with 
a breaker and, to facilitate the change-over to the two phases—-earth operation 
in case of an unsuccessful two-shot automatic reclosure and persisting fault of 
one phase, a signalling unit is installed to indicate the faulty phase [9-6], 

With such a power supply circuit, the change-over to the two phases—earth 
operation is performed with an interruption to the power supply, this is tole- 
rable as, on the one hand, cases like this occur very seldom and, on the other 
hand, the use of one-end supply allows possible interruptions to the power sup- 
ply for a certain period of time. 

The use of a three-phase ARC device also promotes automatic reclosures of 
the busbars, which cannot happen when a PARC device is installed on the line. 
In the case of a persisting one-phase short circuit on the line, the substation is 
deenergized. This circumstance should be taken into account when selecting a 
circuit to control the isolators and, if the substation is furnished with remote- 
control means, a power supply circuit for them. The most practicable is the 
use of a buffer d.c. battery or an operative current source automatically changed 
to a supply from a small engine (an automobile engine, for example) which 
starts when the substation is deenergized. 

For the lines in service which are furnished with a breaker at the receiving 
end (one not dismantled), the reference !°-1] specifies that pole-after-pole auto- 
matic reclosure must be accomplished with an automatic change to two-phase 
operation when the PARC operation is unsuccessful. To speed up the power sup- 
ply to the load, when a fault persists on one phase of the line, the preliminary 
work outlined below must be done. 

(a) It is necessary to ascertain (with due consideration for the importance 
of the transmission system, the possibility of persisting short circuits because 
of sleet, defective wood, defective insulators, etc.) or whether it is profitable 
to prepare the lines for two-phase operation when they work under one-end 
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Supply conditions, while other lines are under repair. For this, the line must. 
be tested. 

(b) Calculations and tests must be carried out to determine the maximum 
power that can be carried by two phases of the line according to their effect on 
the communication lines, asymmetry in the generators, and the like. 

If the tests show that two-phase working causes unwanted interference with: 
the operation of the communication systems the permitted conditions for com- 
munication breaks during two-phase operation and the advisability of taking 
measures to limit the power transferred by the line must be considered. This 
also includes the unearthing of some transformer neutrals in order to limit the 
zero-sequence currents in two-phase operation and the installation of drainage 
coils or other devices on the communication lines to lessen the interference. 

(c) Instructions on the line transfer to two-phase working under emergency 
conditions must be developed and issued to station personnel. 

(d) To enable the transfer of a given line to two-phase working without de- 
lay for preparation, for this protective relaying and automatic devices must be 
used on the line and other elements of the power system. 


9-5. Conclusions 


1. Pole-after-pole (one-phase) ARC has an advantage over three-phase 
automatic reclosure in that the electrical connection is not completely disturbed 
in the PARC cycle. Because of this, for single tie lines connecting the power 
system lines, the operating time of the PARC devices, as dictated by the stabi- 
lity requirements, may be far longer than that for the three-phase ARC devices. 
In certain cases the system operation may be continued through two phases and 
earth. Limitations to the use of PARC devices are caused by their complexity, 
the necessity of controlling each phase of the breakers and the more compli- 
cated protective relaying. 

2. To improve the operation of ARC devices, it is good practice to combine 
the operation of PARC and TPARC devices. 

3. One-phase ARC for single lines supplied at one end needs the installation 
of breakers having control for each phase both at the sending and receiving 
ends. When no breaker is used from the receiving end, the sending end must be 
furnished with a TPARC device, preferably of two-shot action, and pole-after- 
pole isolators (from the sending and receiving ends), in order to promote the 
most rapid change-over to supply through two phases and earth when one phase 
is at fault. To change over to such operation, preparatory work must be 
done and operators given instructions. 

4. For lines supplied at one end, the discriminating elements of the PARC 
device are simply accomplished from the supply side through the use of cur- 
rent or voltage relays or by means of directional power relays from the recei- 
ving side. 

5. With single intersystem tie lines and single lines connecting a power sta- 
tion to the power system, the discriminating elements of the PARC device are 
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best made up of impedance relays or with the aid of directional impedance rela- 


ys connected to the phase voltage and current Ipan + kJ). 

6. When a PARC device is installed on the line, one must take into account 
the fact that a breaker may trip the phase from one side both when this phase 
is at an earth fault and when it is not. Changes in the zero-sequence current 
should not cause malfunction of the protective relaying, starting and discrimi- 
nating elements of the PARC devices. 


9-6. Review Questions 


1. Describe the advantages and disadvantages of PARC as compared with HSARC and 
asynchronous ARC of the tie lines. 

2. Substantiate the use of distance relays for making up the discriminating elements 
of PARC devices. What are the desirable characteristics of these relays? 

3. May three directional power relays connected to zero-sequence current and phase 
voltages be installed as discriminating elements at the supply end of a line supplied 
from one end? 

4. What are the peculiarities of two phases—earth operation of a receiving substation? 

5. The operating current of earth-fault protection responsive to the 3/, current is chosen 
as needed for discrimination against an unbalance current in the case of an external short 
circuit and equals 0.3/,. Must the operating setting of the protection be changed, if the line 
is switched over to perform prolonged operation under the two phases — earth conditions? 

6. Will the protection connected to zero-sequence current from the supply substation 
side respond to interphase short circuits at the secondary side of the power transformer of 
the receiving substation if the transformer group consists of single-phase transformers with 
their windings being star-delta connected under the conditions when one of the transformer 
group phases is disconnected because of a fault? 

7. Why does the operation of PARC devices influence the performance of overhead 
communication lines? Give reasons. 

8. How is simultaneous three-phase tripping obtained, in the case of interphase short 
circuits and manual tripping, when the breakers are controlled separately for each phase? 

9. Trace thelinteraction of the individual relays of the PARC device circuit shown in 
Fig. 9-13. Describe the sequence of operations when a one-phase short circuit occurs on the 
line. How is the single-shot performance of the PARC devices ensured? 

10. Can the pole-after-pole automatic reclosure devices of lines accomplish automatic 
reclosure of the busbars which are at fault? 

11. Compare the operation of electrical circuits with a dead-earthed neutral and pole- 
after-pole ARC devices on the lines with the operation of circuits having their neutral earthed 
through an arc extinguishing coil. Is it practicable to use pole-after-pole reclosures in the 
compensated (reactor earthed) circuits? 

os ty is it that most of the faults on overhead transmission lines are one-phase faults 
to earth: 

13. 220-kV lines are furnished with PARC devices. Is it practicable to install TPARC 
devices on these lines too? 

14. A 110-kV line of a system with a dead-earthed neutral is furnished with PARC 
and TPARC devices. How can the action of the TPARC device be prohibited during operation 
of the PARC device when the former is connected into the circuit shown in Fig. 8-4? 

15. A dead ending transmission line is furnished with PARC devices (Fig. 9-5). A one- 
phase short circuit has occurred on the phase A at point SC. Determine the difference between 
the values of the zero-sequence currents flowing in the line MN under conditions when all 
three phases of the breaker are closed at both ends of the line and when the faulty phase is 
being disconnected in the cascade manner (the phase being tripped from the side of substation 
M and not from the side of substation N). The load current of the receiving substation is 
not taken into account. 
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Solution. A one-phase short circuit at point SC. The breakers of the three phases are closed 
both from the side of substation M and from the side of substation N. In compliance with (9-9) 
the zero-sequence current in the point of short circuit (at point SC) is 

° E h 
nl E (9-41) 
Dal’ ES zg 
where £27, Xz and Zz} are the forward-, backward- and zero-sequence impedances 
reduced to the point of short circuit. 

As the effect of the receiving substation load is neglected and no generation is available 
from the substation F, taken into account for the section F'-SC is only the zero-sequence 
impedance, thus 
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A cascade tripping of a faulty phase. Phase A is tripped from the side of substation M. 
From the side of substation N all the three phases remain closed (Fig. 9-5). 

After tripping a phase from the side of substation N the zero-sequence current at the 
point of short circuit is determined by expression (9-33). In compliance with (9-34) the value 
of the current lightly flowing from substation M 
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To quantitatively evaluate the changes in the current, assume that meee = 4zGse and 
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After the faulty phase is tripped from the side of the supply substation, with the above- 
mentioned relationships, the current in the place of fault drops about 25 times, while the 
zero-sequence current flowing in the line from the substation M decreases about 10 times. 
An abrupt drop of the current at the place of short circuit may extinguish the arc and 
eau in a successful pole-after-pole reclosure, even when the phase is tripped from one side 
only. 

If the faulty phase fails to be tripped from the side of substation N and the short-circuit 
arc persists, the back-up zero-sequence current protection installed on the line from the side 
of substation M must trip all three phases of the breaker from the side of substation M. 
Therefore, the back-up protection must be checked for sensitivity to see whether it suits the 
operating conditions in which a phase at earth fault is tripped at one end. 

A failure of the back-up protection at the supply end may cause the “suspension” of a one- 
phase short circuit. 


Chapter Ten 


THREE-PHASE AUTOMATIC RECLOSURE 
OF TRANSFORMERS 
AND BUSBARS 


10-1. General 


Successful automatic reclosures are possible not only after clearing short 
circuits on transmission lines but also after tripping short circuits on the bus- 
bars of substations and terminals of power transformers. Moreover, the automa- 
tic reclosures of these connections sometimes correct misoperation of the protec- 
tive relaying devices and erroneous actions of attending personnel. 

The best results from the use of ARC of busbars and transformers are obtai- 
ned at substations in areas with badly polluted atmospheres from chemical 
and metallurgical plants (generally resulting in unstable insulator flash-overs) 
and also at unattended substations not furnished with remote control. 

According to collected statistics [19-1] successful automatic reclosures average 
64.8 per cent for busbars and 60 per cent for transformers (see Table 8-2). 

The term “busbar ARC” from this point on means the automatic reclosure 
of one or several breakers tripped by the action of the output relay of special 
busbar protection (differential protection or a back-up device that operates if 
the breakers fail). The term “transformer ARC” means, henceforth, the automa- 
tic reclosure of one or several transformer breakers which are tripped by the 
action of one or several protection units placed in the circuit of the given trans- 
former. Thus, if a short circuit occurred on the busbars and it was cleared thro- 
ugh the action of the differential busbar protection by a breaker placed in the 
circuit of a step-up transformer, the reclosure of this breaker with the energizing 
of these busbars is considered as busbar ARC. If this very same short circuit is 
isolated by the same breaker through the action of the protection device con- 
nected into the circuit of the transformer (an example is a back-up overcurrent 
protection), breaker ARC is considered as transformer ARC. 

The ARC devices of busbars perform different functions. Automatic testing 
of the busbar insulation after the busbars are deenergized is most easy. Some- 
what more complicated is the trying out of the busbars and the power supply to. 
the consumers deenergized at the time when the busbars are tripped. Still more 
difficult is the automatic restoration of the normal substation circuit after 
finding that the busbars are in good condition. 

The most difficult is the automatic restoration of the normal primary con- 
nection circuit of the power station. 

The ARC devices of power transformers are particularly effective for cases 
of one-end load, feeding from these transformers. As the back-up protection of 
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the transformers is brought into action when short circuits occur on the L.T. 
busbars (often no differential protection is used to protect these busbars) and 
also when short circuits on the outgoing lines cannot be cleared, successful 
ARC restores the power supply to the entire area. 

Installation of ARC devices on the transformers of a distribution network 
is very important (at substations supplying drilling derricks). Infrequently a 
current protection, having sensitivity sufficient to ensure its response to short 
circuits at the end of the line running to the consumer is not isolated against 
the starting currents of the asynchronous motors driving the derrick mechanisms 
when they are started simultaneously. Reclosing of a transformer tripped due 
to overload allows the consumers to restore the production process in the preas- 
signed starting sequence. 

The use of busbar and transformer ARC is regarded as mandatory [19-2], 
Rejection of their use must be substantiated each time. When busbar and 
transformer ARC devices fail to operate or when they are taken out of service 
(to undergo repair, for instance) station personnel should immediately reclose 
the corresponding breakers by means of the remote-control system or (for oil 
breakers only) by hand on site. Exceptions are when an intolerable current 
‘surge occurs due to asynchronous voltage. 

For transformers tripped by one of the protections against internal troubles 
and when no observable symptoms of damage are present, one reclosure is per- 
mitted, if the transformer tripping suspends the consumer’s supply [19-2], 

Development of electrical power systems in rural areas with their connection 
through fuses, and the replacement of protective relaying devices and breakers 
with fuses in H.T. circuits, bring about the problem of devising a device capab- 
le of automatically renewing blown fuses with good ones within a specified 
period of time. 

Good results are produced by the use of ARC devices on the lines of railway 
traction systems. These devices may be widely applied.in 110-220-380-volt instal- 
lations, since daily experience indicate that the causes of a short circuit are 
most often self-eliminated after deenergizing. In a series of cases power plants 
and substations use automatic protection circuit breakers to control the condi- 
tion of the operating current circuits at 48-220 volts and the potential trans- 
formers circuits. It is good practice to have circuit breakers of a design which 
assures ARC operation. 

When short circuits occur in H.T. circuits blown fuses often happen in the 
communication and remote-control circuits due to the effects of induced cur- 
rents. The ARC devices renewing blown fuses within a time greater than the 
dead time and the ARC cycle of H.T. lines, enables the channel to be quickly 
reestablished and ensure the operation of communication and remote-control 
devices. 

The principles underlying ARC operations on the substation busbars, used 
in a series of power systems, [10-3 and 10-4] and ARC operations on the transfor- 
mers are described in the next section. 


10-2. Automatic Testing of Busbars 
for Insulation 


When the differential protection of the busbars operates an action prohibi- 
ting signal, sent simultaneously with the tripping control pulse to the connecti- 
on breakers, is applied to all ARC devices of these connections except for the 
connection link used in the insulation testing. The breaker of this link performs 
an automatic reclosure within the time determined by the ARC device. Since 
the ARC devices on the other breakers are rendered inoperative, there is no risk 
of asynchronous connection. In the case of successful automatic reclosure 
of the busbars, the normal connections of the substation are reestablished 
by attending personnel either manually or by means of remote-control 
devices. 

The choice of a breaker intended for insulation testing must meet the requi- 
rement of keeping the effect of a voltage drop on the working elements of the 
power system as small as practicable, when the reclosure is made to a persisting 
short circuit. 

After the operation of the busbar differential protection and the action of 
the ARC device reclosing the breaker of the connection link through which the 
insulation testing is carried out, the instantaneous sensitive protection must be 
put into operation. This protection is required because the value of the short- 
circuit current in the line used to test the busbars is generally far less than the 
full short-circuit current, occurring with a fault on the busbars when all the 
connections are closed for normal performance. 

The above-mentioned protection is not discriminatory. However, it may be 
rendered inoperative by operators only after recovery of the substation circuit 
and normal sensitivity of the busbar protection. 

It should be taken into account, however, that a nondiscriminatory sensitive 
protection may function from the load currents during the operation on reesta- 
blishing normal connections of the substation. Therefore, the protection must be 
discriminated against such currents. For example, it must have voltage blo- 
cking or be responsive to the backward- and zero-sequence components with 
isolation against nonsimultaneous closing of the breaker phases. 

Simplicity is obtained by choosing the testing connection link so that a 
short circuit on the busbars promotes the operation of the busbar differential 
protection or the functioning of the protection at the opposite end of the line. 
In these instances nondiscriminatory sensitive protection is not required. 

If the substation is supplied from two or more lines, the testing may be per- 
formed from two lines. To this end, no prohibiting pulse is fed to the ARC 
devices of the breakers used by these lines during the operation of the differen- 
tial protection. In order to ease the load on the storage battery the ARC devi- 
ces must have different pickup settings. This type of testing provides two-shot 
automatic reclosure of the busbars in the case of a persisting short circuit. No 
asynchronous connection is permitted or checks must be made to see whether 
it can be used. 
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10-3. Power Supply to Consumers After Tripping of Busbars 
and Automatic Reestablishing of Substation Connections 


If the tripping of the busbars, being at a short-circuit fault, interrupts the 
power supply to consumers, then successful automatic reclosure of the busbars 
must ensure reestablishment of the voltage across the consumer terminals. 
To achieve this object, when the busbars are at a short circuit, the differential 
protection must only trip the supply connections, while the connection supply- 
ing power from these busbars to the consumers must remain switched on. The 
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Fig. 10-1. Discriminating prohibition of automatic reclosing of terminations 
™twhen the busbar differential protection repeats its operation 


sensitive protection which operates during insulation testing must be discri- 
minated against load currents. The operating time of the ARC device employed 
by the breaker through which the testing is performed should be sufficient to 
transfer the consumers’ synchronous load, if any, to operation without excita- 
tion or trip it by the instant the voltage is applied to the busbars. 

The reestablishment of normal connections of the substation after the ope- 
ration of the busbar differential protection is by means of the ARC devices 
installed on the breakers of the lines and transformers !!93]. During the first 
functioning of the busbar differential protection no pulse to prohibit the opera- 
tion of the termination ARC devices is given. The first to close is the termina- 
tion whose AKC device has the smallest time setting. 

‘If the automatic’ reclosure is successful, no prohibiting pulses are fed to the 
other terminations and, if it is unsuccessful, the differential protection of the 
busbars repeats its operation to prohibit automatic reclosures of the other ter- 
minations and trips the closed breaker. The sensitivity of the differential pro- 
tection should be in this case sufficient to provide its reliable operation in the 
event of reclosure to a persisting short circuit on the first termination. 

The principle underlying the ARC prohibition circuit is clear from Figs 10-1 
and 10-2. When the busbar differential protection operates for the first time, 
the relay ZAR (Fig. 10-1) functions. Contact 7A R-1 prepares the circuit to clo- 
se the relay 4AR. This circuit is broken by the contact of relay 5A7R whose 
reset time is about 0.5 s. As contact 7AR-2 is closed it closes relay 27R. The 
latter functions and its instantaneous contact 2TR-2 opens the circuit of relay 
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ATR and holds itself closed with its contact 27R-J until contact 2TR-3 clo- 
ses. After the operation of the busbar differential protection the busbars become 
deenergized and relay ZAR resets before the contact of relay 3ATR has closed. 
Relay 4AR, the contacts of which prohibit ARC operation on the other termi- 
nations, is inoperative. The breaker whose ARC time is shortest recloses. 

If the short circuit on the busbars has eliminated itself the ARC devices of 
the other terminations operate in sequence and restore the initial connections 
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Fig. 10-2. Decentralized prohibition of automatic reclosing of terminations 
when the busbar differential protection repeats its operation 


of the substations. If the short circuit on the busbars persists, the busbar diffe- 
rential protection repeats its operation, contact ZAR-I closes and, as by this 
time the contact of relay 3ATR is closed (this relay was deenergized after the 
first operation of the busbar differential protection) the relay 4AR functions. 
The contacts of relay ZAR make the circuit and prohibit ARC of all terminati- 
ons. The device resets after the contact 27R-3 has closed. The operating time 
of this contact must be greater than the time of reclosure from the ARC device 
of the first termination, i.e., it should be equal to the sum of the operating 
time of the ARC device, the breaker, the busbar differential protection, the 
fault clearing time by the breaker, and the margin time. 

If during testing the sensitivity of the main set of the differential protection 
is insufficient, the time relay 7R (or an auxiliary relay) must introduce the 
sensitive protection to trip the busbars in the case of a persisting short circuit, 
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and connect its circuit to the relay 4AR through the contact of relay 3ATR. 

When the differential protection of the busbars operates the circuit shown 
in Fig. 10-1 produces centralized prohibition of ARC of the terminations. 

Fig. 10-2 illustrates a circuit of the ARC decentralized prohibition (propo- 
sed by V.R. Mustafin, Chelyabenergo). When the busbar differential protection 
functions relays Z and 2 close. The latter trips the supply terminations. The 
former (relay Z) “prohibits” the ARC operations. The prohibiting circuit to the 
ARC device of termination No. 3 may not be present, as the automatic reclosure 
of the breaker (switch) 3S is performed first of all*. The prohibiting circuits to 
the breakers 7S and 2S which are planned to complete the circuit, can be clo- 
sed only after the testing reveals defective busbar insulation in the repeated 
operation of the differential protection (in case of unsuccessful ARC by the bre- 
aker 3S, the ARC prohibiting circuits of breakers ZS and 2S will be closed by 
the contacts of relay ZAR. The ARC time settings of these breakers are greater 
than the ARC time setting of the breaker 3S). 

If asynchronous connections of the lines or transformers are likely to occur 
during the switching over of the substation circuit, it is useful to furnish the 
termination breakers with ARC devices using synchronism seizing circuits whi- 
le the breaker which closes first to check the busbars for conditions, with an 
ARC device capable of no-voltage detection. AARC devices can be installed 
under conditions allowing asynchronous connections. 


10-4. -Automatic Reestablishing of Power Station 
Connections 


Reference [19-4] describes busbar ARC circuits with recovery of the initial, 
before-fault, conditions. These circuits are applied at several power stations 
of the Dneprenergo system. The circuits used at the power stations prevent 
impermissible asynchronous (including two-phase) generator connections. 

A centralized unit prohibiting busbar ARC operations is provided. This 
unit prevents busbar ARC operations in the following cases: 

When the busbars remain under voltage after the time specified for their 
disconnection. 

When a short circuit of busbars persists due to a failure of the breaker at 
one of faulty phase terminations. 

When the immediate automatic reclosure is unsuccessful. 

When the back-up device of the breaker functions after a failure of the bre- 
aker of an autotransformer (transformer, generator-transformer unit) and after 
its damage. 

To improve the sensitivity of the busbar differential protection use is made 
of an auxiliary protective element having an operating current which is not 


* The ARC prohibiting circuit of the breaker of termination No. 3 can be made in the 
‘same way as for the breakers 7S and 2S. ARC of the breaker 3S will not be prohibited, as 
it is the first to be closed by the ARC device (the operating time of ARC device No. 3 is 
less than that of ARC No. 14 and ARC No. 2). The busbars are deenergized and, thus, the 
«contacts of relay 7A R are open. 
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discriminated against unbalance currents from external. faults and hunting. 
This element operates longer than the complete ARC cycle. 

The resulting protective and ARC circuit is a relatively complicated one. 
This is why, as duty personnel are always present at the power station, the 
problem of automatic reestablishing of the normal connections after the opera- 
tion of busbar differential protection should be solved with regard to the local 
conditions and the unwanted complexity of such an important system as the bus- 
bar protection. In particular, in many cases automatic connection of the out- 
going lines only is necessary, as the duty personnel can be responsible for the 
subsequent closure of the generators and the generator-transformer units. 


10-5. Three-Phase ARC of Transformers 


The ARC devices of transformers are intended to recover the power supply 
after emergency tripping of a feeding transformer for any cause other than in- 
ternal damage. Automatic reclosures are accomplished by using devices similar 
to those installed on transmission line breakers. When selecting the circuit of 
an ARC device, attention must be paid to the operating conditions of the trans- 
former (autotransformer). If the power supply to the transformer is from one 
side or if it is synchronously supplied from two sides (an example is a three- 
winding transformer supplied from the 110 and 35-kV sides) or when asynchro- 
nous automatic reclosures are allowed, the same type ARC devices are used as 
on the lines supplied at one end. When it is necessary to sustain the synchro- 
nism of the power system parts being paralleled by the breaker in the trans- 
former circuit, the same ARC circuits are used as for the lines of ring systems 
having more than one points of supply, or for single lines connecting two parts 
of a power system (see Chapter 8). 

The ARC devices of transformers differ mainly in the starting and blocking 
methods. 

Starting of an ARC device, when the main or back-up protection device on the 
transformer functions, promotes its automatic reclosure whatever the fault 
(internal faults included). A disadvantage here is that the faulty transformer 
may reclose with the risk of additional damage. This method may find its appli- 
cations where use is made of quick-action protection units or where provision is 
made for speeding up the action of the back-up protection units after the ope- 
ration of the ARC devices. 

ARC prohibiting in operation of the signal element of the oil pressure protection 
is used to prevent automatic reclosure in the case of internal damage to trans- 
formers. The signal element of the oil pressure protection functions at the pre- 
sence of gas in the relay or in case of oil leakage. When external short circuits 
occur, the signal element misoperates far more rarely than the tripping ele- 
ment. Therefore, prohibition of ARC operation by the signalling contact of 
the gas relay may be used to promote the operation of the ARC devices after 
tripping the transformer breaker for any reason, except internal faults. The 
operating time of the ARC devices should be somewhat greater than the opera- 
ting time of the signal element of the oil pressure protection (3 to 5 s). 
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Starting of an ARC device from the back-up protection units of the transformer 
(or, which is the same, prohibiting ARC operation in case of internal faults, 
when the differential or oil pressure protection operates) is often used. Such 
starting, however, ensures no automatic reclosure when the transformer is 
tripped due to a short circuit on its terminals during operation of the differen- 
tial protection and also because of malfunction of the differential or oil pres- 
sure protection (an example is external short circuits cleared after deenergi- 
zing). 

At the same time, reclosing is possible with an internal short circuit, if 
the differential or oil pressure protection fails. Failure of the main protection 
units is unlikely and may be neglected. To ensure rapid tripping of the trans- 
former in the case of reclosing to a short circuit, provision should be made to 
speed up the back-up protection installed on the breaker, after it is closed by 
the ARC device. 

When a substation is equipped with a transformer supplied from one side 
an ARC device is compulsory. With three-winding transformers the ARC de- 
vices are installed on each of the breakers so that the breaker can be reclosed by 
the back-up protection after one of the transformer windings has tripped. 

When a substation having only one source of supply is furnished with twe 
or more transformers operating in parallel an ARC device must be considered 
as compulsory at least for one transformer. If the tripping of one transformer 
may overload another one with the resulting tripping of some loads an ARC 
device should be installed on another transformer. 

It is practicable to start the ARC device by back-up protection units (for 
example, overcurrent time delay protections) connected into each tension circuit 
of the three-winding transformers, and connected from the supply side when 
two-winding transformers are used. 

When ARC devices are installed on paralleled step-down transformers, 
provision should be made for the sequential closing of the breakers both to ma- 
ke the load of the storage battery lighter and promote another attempt to 
reestablish the supply to the consumer in case of unsuccessful initial automatic 
reclosure. 

In the case of separate operation of the transformers, automatic reclosures 
may be provided when a protection device responding to external short circuits 
operates and the automatic transfer action caused by the operation of the pro- 
tection unit responding to internal short circuits. Such a method eliminates the 
possibility of connecting a sound section of the substation to a persisting short 
circuit in the circuit of the backed up transformer. 

When power sources are connected to busbars at different voltages the ARC 
device to be used should be selected to suit the actual operating conditions of 
the transformer at the substation and ensure synchronous connection of the 
respective voltages or the permissible asynchronous connection. 

When the transformer is used to supply synchronous motors or synchronous 
capacitors, the operation of the ARC devices must be coordinated with the 
time for changing over the deenergized synchronous loads to asynchronous ope- 
ration or with the time required to trip this load, as in the case with the ARC 
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operations on the lines. When a substation is equipped with autotransformers 
all the above-mentioned with regard to the use of ARC devices for transformers 
remains valid. 


10-6. Conclusions 


1. ARC devices are effective when adopted for the automatic reclosing of 
breakers placed in the circuit of power transformers (autotransformers), after 
they have tripped short circuits, or after malfunction of the protective relaying 
devices and when the tripping is inadvertently performed by attending per- 
sonnel. 

2. The circuits of the ARC devices used on the transformers are similar 
to those of the ARC units employed by transmission lines. 

3. After operation of the differential protection of busbars and their deen- 
ergizing, the busbars can be reenergized with the aid of the ARC devices instal- 
led on the breakers of the outgoing terminations (feeders). 

4. The percentage of successful transformer and busbar automatic reclosures 
is about the same as for transmission lines (more than 60 per cent on the statis- 
tical data). . 

o. After successful testing of the busbars, it is better for the normal supply 
to the substation to be automatically reestablished. Such automatic devices 
are applied in a number of power systems. 

6. Automatic reclosure of the busbars with the reestablishment of the pri- 
mary circuit of the before-fault service at power stations complicates the ARC 
circuit as it is necessary to prevent (in a number of cases) asynchronous connec- 
tions of the generators. The final decision as to the automatic reestablishment 
of the normal service connections should be based on the analysis of the local 
service conditions. 


10-7. Review Questions 


1. How is the automatic reclosing of substation busbars accomplished (a) when dif- 
ferential protection is available and (b) when it is not? 

2. Why is a more sensitive protection used when the condition of the busbars is tested 
by connecting them to the voltage through the breaker of one of the terminations (feeders)? 

3. What is the difference in the methods of automatically reestablishing the before- 
fault service at substations and power stations? 

4. Compare various circuits used for starting the ARC devices of power transformers. 

5. How are the ARC devices realized on breakers of a three-winding 110/35/6.6-kV 
transformer, if the voltages at the 35 and 110-kV side may be asynchronous? Draw the circuit 
diagrams of the ARC devices. 

6. How do you explain the successful operation of the ARC devices used on busbars 
and transformers? 

7. How is the nature of the load connected to the substation busbars taken into account 
(whether it is asynchronous or synchronous) when applying ARC devices to a step-down 
transformer? . 

8. For step-down substations the differential busbar protection only trips the breakers 
of the feeders through which the substation is supplied. Explain, why this is so. 

9. When may busbars be reenergized without preliminary inspection of the equipment? 

10. The ARC devices installed on the breakers of a step-down transformer are deenergized 
for checking. May the attending personnel immediately reclose the transformer after it 
has been tripped by the protection unit? 


Chapter Eleven 





AUTOMATIC TRANSFER TO RESERVE SUPPLY 
AND EQUIPMENT 


11-1. General 


To make the power supply to the consumers more dependable, they are sup- 
plied from two sides. In this case a fault at one of the supply units and its 
tripping will not stop the supply to the consumers, as they will be fed through 
the intact links of the power system. At the same time, the two-side power sup- 
ply (in a number of cases supply from many sources), obtained by the connection 
of the power circuits into a ring system and parallel operation of transformers, 
makes the protective relaying more complicated. The operating conditions for 
the equipment worsen due to the increase in the short-circuit currents and the 
operation of the paralleled parts of the power system becomes more difficult. 

The use of a sectionalized power supply system materially simplifies the 
protective relaying, adds to its reliable operation, increases the residual volta- 
ges across the busbars of the supplying substations during short circuits on the 
distribution system and decreases the short-circuit currents, and in many cases 
creates the required operating conditions for the voltage and power flow. The 
main disadvantage of a sectionalized circuit is the interruption to the service 
when a fault occurs on the supply units. This disadvantage is eliminated mate- 
rially by the automatic transfer of a load to the stand-by power sources when 
the basic elements, through which the loads are supplied under normal condi- 
tions, are tripped. 

Under normal conditions the stand-by sources may be switched off or be 
under voltage and carry no load. 

In other instances, the stand-by sources may be partially loaded, i.e., the 
whole load of the consumer is shared among the two (or more) generating units 
and these units perform stand-by functions for each other. 

Manually placing a stand-by unit into action causes a prolonged interrup- 
tion to the power supply and, as a rule, affects the production processes being 
serviced. A 20 to 30 s interruption in the power supply to the station service 
circuit makes the boilers shut-down and causes complete outage of the power 
station. It takes several hours to restart the generating units and bring the 
power station up to normal operation. A more than 3 s interruption in the power 
supply to certain chemical processes disrupts the process and it often needs 
more than a whole day to reestablish the normal process. 

With radial power supply systems, the reliability of the supply to the con- 
sumers is materially improved by the use of automatic transfer devices (ATS) 
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which bring in the stand-by supply and reduce the supply interruption time to 
less than 1 to 2s. 

One of the first ATS systems employed in the power systems of the USSR 
for the house circuits of the Gorky power station was proposed by the author 
in 1930. The self-starting of asynchronous motors (with a phase wound and squir- 
rel-cage rotor) is possible and permissible. This has been corroborated by the 
ATS service experience and the respective theoretical analysis [!!-1], The first 
ATS devices designed for the station-service installations were made to function 
only when internal faults occurred on the power transformers or on the house- 
circuit generators. Later the service offered by the ATS devices was extended to 
cover busbar faults, as busbar short circuits often self-cleared after deenergi- 
zing. This factor, as mentioned previously, determines the successful busbar 
reclosing*. 

When a stand-by unit carries its load, then, if this unit is connected to a 
persisting short circuit on the busbars of the power source being remedied, the 
fault will extend to the loads supplied by the stand-by unit. To mitigate the cf- 
fect of such operation, provision is made for introduction of a speeded up protec- 
tion after the ATS operation to ensure the quick disconnection of the stand-by 
unit together with its loads from the busbars of the circuit being remedied. 

Another solution, which prevents the extension of a persisting busbar short 
circuit to the loads of the stand-by unit when the busbars are reenergized, is the 
joint operation of the ATS and ARC devices. When a fault occurs on the supply- 
ing circuit elements and their supply to the consumer is interrupted, the latter 
is disconnected from the main source of power and transferred to the stand-by 
source. Thus, the ATS operation takes place only after the faulty element is: 
tripped both at the side of the main source of power and at the side of the recei- 
ving busbars of the consumer. If a short circuit occurs on the consumer’s bus- 
bars, no ATS operation takes place. This operation is prohibited by the protec- 
tion responding to busbar faults, or the ATS device cannot be triggered. It is 
the ARC device on the supplying connections that functions. 

When a short circuit on the busbars (or on the lines run from the busbars 
to the consumer if the failed line is not deenergized) clears, the power supply 
restores. If the fault persists the breaker closed by the ARC device is tripped 
open. For example, if the differential or oil pressure protection of the main 
supply transformer is operating, the ATS device closes, and if it is the overcur- 
rent protection the ARC device functions. 

Automatic reclosure of stand-by supply lines allows the supply circuit to 
be made cheaper and simpler. The use of ATS devices on overhead transmission 
lines is considered as a back-up measure and does not supersede the use of ARC 
devices on them. A deenergized line is reclosed from the ARC device, and if the 
automatic reclosure appears unsuccessful the line is automatically tripped at 


* With 3-10-kV installations the successful ATS and ARC operations at short circuits 
on the busbars sometimes depended on the fact that during short circuits the isolator leads 
burnt out and the arc had time to extinguish within the ATS or ARC cycle while the busbars 
were deenergized. 
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the receiving end and the ATS devices transfer the loads to a supply from anot- 
her stand-by line which also carries its “own” load. 

The ATS method is used not only for backing up the supply to the consu- 
mers, but also for promoting reliable operation of important mechanisms of the 
power stations and industrial plants (in place of the constant idle running of 
these mechanisms). Often automatic switching on of stand-by feed pumps, draft 
fans, coal feed mechanisms, blowers, etc. is provided. 

As a rule, the automatic switching-over to a stand-by power source is done 
to provide emergency lighting and operation of communication and remote- 
control apparatus in the case of failure of the a.c. supply at the power station or 
substation used to energize these apparatus under normal operating conditions. 

The simpler protective relaying obtained through the use of an ATS device 
has made it possible for a number of city power systems to ensure service with 
reliability acceptable by the consumers without further capital outlay. A so- 
named automatic discriminating reserve device (ADR) has been developed [11-1], 
This device ensures the selective connection of transformer substations to the 
stand-by supply line after isolating the faulted section of the main supply line. 
For the selective tripping the simplest type relays such as current, voltage, 
time and auxiliary relays are used. 

Data on the operation of ATS devices over 5 years obtained from the USSR 
Ministry of Electric Power Engineering [11-3] is given in Table 14-1. 

As the analysis shows the ATS technique is an important means in impro- 
ving the operation dependability of power systems. The number of successful 


Table 11-1 
Data on Five Years Operation of ATS Devices 
Data 
Periodicity, year 
Where installed number of successful 
set-years, operation, successful | unsuccessful 
K* % operation operation 
Substation transformers (apparent 5,945 94 3.3 541.2 
reserve) 
Transmission lines 16,895 94.9 4.7 87.3 
Transformers of station service 41,046 91.1 4.7 46.3 
(apparent reserve) 
Station-service motors 39,785 99.54 2.7 58.0 
Intersection breakers for station- 3,753 97.0 1.7 54.0 
service (non-apparent reserve) 
Intersection breakers of substation 8,316 89.2 4.4 36.5 
(non-apparent reserve) 
Other objects of service 26,889 98.2 4.7 810.0 
All installations 112,629 96.06 3.5 118.0 


* K is the number of ATS devices times the number of years in use. 
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ATS operations totals 90-95 per cent. As with ARC devices, the efficiency of 
ATS devices is determined by how quickly the normal production processes 
are reestablished after reenergizing. This, in turn, depends on the no-power time, 
and whether the electric motors will start after the no-power time and how qui- 
ckly the before-fault productivity is obtained. It is clear that the operation of 
an ATS device is anything but successful if the consumers’ motors fail to start 
and if the operating ratings become critical during the starting time with re- 
sultant outage of the production process. 

The above circumstance is a difficult problem to solve with regard to the 
choice of the supply circuit (multi-source supply without ATS devices or radial 
supply with ATS devices), protective relaying devices, characteristics of the 
motors and loads, commutation apparatus, control circuits and blocking devices. 


11-2. ATS Device Circuits 


ATS devices of power transformers supplied from common busbars. Fig.11-1 
shows the circuit of a step-down substation with two step-down transformers. 
The loads supplied from the substation busbars (lighting circuit, electrical 
furnaces and asynchronous motors) impose no limitations on the operating time 
of the ATS device and permit repeated application of voltage 1.5 to 2.5 s after 
a fault occurs. From the supply side the transformers are connected to a common 
busbar system, from the receiving side to two sections. 

The possible operating conditions of the substation are as follows: 

(1) Two transformers are connected to different sections with breaker S35 
being open. 

(2) One of the transformers (transformer T1, for instance) is connected to 
the two sections with breaker S5 being closed. Transformer T2 is disconnected. 

Under such conditions the ATS device assures: 

The use of the transformers as stand-by units with respect to each other, 
when they operate into different sections. 

Automatic transfer of a transformer as a stand-by unit when only one trans- 
former is in operation and is tripped due to a fault. 

Automatic reenergizing in the case of a short circuit on the busbars of the 
section during parallel operation of the transformers with the section breaker 
closed. Such operation may be advisable in order to balance better the loads 
of the transformers and reduce losses. 

Reenergizing of section JJ is not provided in the case of a short circuit when 
transformer T2 is tripped and breaker S8 is closed. Section J cannot be reener- 
gized when transformer TZ is switched off and breaker S5 closed. Under these 
conditions the required reclosing can be performed by an ARC device which 
closes when the stand-by protection of the transformer functions. This prote- 
ction has a time delay and is installed from the supply side (this protection 
and the ARC device are not shown in Fig. 11-1). The operation of the stand-by 
protection prohibits operation of the ATS device (by disconnecting the coils 
of relays 3AR and 4AR from the operating current, for instance), while opera- 
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tion of the differential and oil pressure protective units cancels the operation 
of the ARC device, and the ATS device is allowed to function. 

The ATS device operates as follows: 

Whatever the cause of tripping the breaker S2 or S4 (a short circuit on the 
busbars included), the auxiliary contacts of the breakers break and open the 
coils of relays Z and 2 (relays with delayed armature dropout). After the coils 
are deenergized, the relay contacts open in 1.5 to 2 s. 

Thus, after tripping the breaker S2 or S4, relay 3 or 4 closes for 1.5-2 s and 
in its turn closes the section breaker and the breakers of the power transformer 
(if the latter has been tripped open). 

The closing circuits of the breakers S2 and S4 are wired through the auxili- 
ary contacts of the breakers S/ and Sô (the auxiliary contacts close after the 
breakers S7 and S3 close). This connection is provided to prevent the closing 
of the three breakers simultaneously which may overload the storage battery. 
The coil circuits of relays 3 and 4 open 1.5 to 2 s after the working transformer 
is disconnected, thus promoting a one-shot closing of the section breaker and 
the breakers of the stand-by transformer. The one-shot ATS in the case of a 
short circuit on the busbars of the section being remedied is obtained by ma- 
king the breaker control circuit capable of blocking against multi-shot closures. 

With operating times in excess of 0.5 s it is practicable to realize the pro- 
tective relaying of the section breaker and the power transformers with an acce- 
lerated action after the operation of the ATS device. 

As an example, Fig. 14-4 illustrates a possible circuit for accelerating the 
operation of the overcurrent protection of the section breaker. With the breaker 
So tripped open, the coil of relay 5 carries a current and the contact of the relay 
is closed. After the breaker has been closed manually or by the ATS device to 
carry a short circuit burden, current relays 6 function and close time relay 7. 
The latter completes the accelerated action circuit in 0.1 to 0.2 s. If relays 6 
and 7 do not function after closing the breaker S5, the protection accelerating 
circuit is opened after a certain time by the contact of relay 5 and only the 
selective protection remains. 

The use of the above-described circuit for accelerating the operation of the 
overcurrent protection of the section breaker is permissible if the current relays 
fail to operate due to the self-starting currents after closing the section breaker. 
Discrimination against these currents may sometimes lead to unwanted desen- 
sitization of the protective system. When this happens, the operating time of 
the accelerated protection is set to about 0.5 s l11-4] or use is made of an auxi- 
liary current cutoff isolated against the starting currents, but operating from 
the short-circuit currents when a fault occurs on the busbars. The breaking 
circuit of this cutoff is normally open and is automatically closed a certain time 
after the section breaker is closed manually, remotely, or by the ATS device 
(i.e., this circuit is controlled by the contact of relay 5). 

If each of the transformers is not furnished with an individual ARC device 
and the transformers operate in parallel, then reenergizing in the case of a short 
circuit on one of the sections will be performed by the ATS device. For this, the 
section breaker must have a protection which will trip this breaker before the 
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action of the back-up protection of the transformer (or the back-up protection 
of the transformer should have two time settings, the smaller to trip the section 
breaker and the greater to disconnect the transformer). After the sections are 
separated and the transformer feeding the short circuit on the faulty section is 
disconnected, the ATS device functions and breaker S5 reestablishes the volta- 
ge across the deenergized section at the expense of the section intact. 

When the breakers S7, S2, S3 and S4 are opened manually and in cases 
when such disconnections deenergize one of the sections, as performed by mista- 
ke, (i.e., the ATS device is not disconnected deliberately), the ATS device will 
ensure the power supply from the other section. 

To disconnect the ATS device, jumper (bridge) 9 is provided. This discon- 
nection also can be accomplished by the control key switch disconnecting the 
ATS device from the source of operating current. The circuit has signalling 
relays 8 which indicate the operation of the ATS device and the path of a clo- 
sing pulse to the breakers S2 and S4 after the breakers SZ and S3 have 
closed. 

ATS devices of power transformers supplied from different power sources 
(Fig. 11-2). The transformers T1 and T2 are working units and the transformer 
T3 is a stand-by one. The power supply to the transformers is from different 
sources (for instance, from different sections of the generation voltage). The 
ATS circuit shown in Fig. 11-2 differs from the above-described circuit in that 
the ATS operates not only when the transformer becomes disconnected, but 
also in the case of no-voltage across the section, whatever the reason may be, 
in particular, when the supply sources are disconnected or at fault. Voltage 
relay 7 through time relay 2 and auxiliary relay 7 makes the breakers of that 
transformer open whose section is at no-voltage. 

The pickup setting of voltage relay 7 is as small as practicable (30 to 40% 
of Un) in order to limit the reach zone in the case of voltage dips during a short 
circuit on the outgoing lines and also to discriminate against voltage drops 
during the subsequent self-startings of the motors. The setting of time relay 2 
is greater than the operating time of the protection against short circuits occur- 
ring in the zone of residual voltage which is less than 30 to 40 per cent of U,. 
The voltage relays are connected to different phases. The contacts of the relays 
are connected in series. This connection prevents false operation when one of 
the fuses blows. 

The use of the ATS circuit shown in Fig. 11-2 may be permitted when the 
loads are asynchronous, lighting or heating ones. When the load is synchronous 
the ATS device must be supplemented with equipment that prevents asynchro- 
nous application of the voltage from the stand-by source to the busbars across 
which the voltage is maintained by the coasting synchronous motors with live 
field. 

The circuit allows for installation of a relay indicating the voltage across 
the stand-by source. Use is made of one relay 5, as it is unlikely that a fault 
occurs on its circuits during ATS operation. The protection accelerating circuits 
are not shown. The protection units installed on the section breakers have cir- 
cuits similar to those illustrated in Fig. 411-1. 
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When an individual stand-by transformer is used (with simplicity in view) 
no ATS devices are generally provided on the working transformers. The stand- 
by transformer is furnished with an ARC device if one of the working transfor- 
mers is disconnected for a long repair period. Under such operating conditions 
it is better to change the ATS circuit to that of Fig. 11-1 in order to make the 
power sources serve as stand-by units for each other. 

When section is deenergized the asynchronous motors, coasting for a short 
time due to the accumulated energy, maintain the voltage, for which reason 
the action of the protection may be some- 
what behind. To speed up the operation 
of the ATS device, when the supply trans- 
former is disconnected, whatever the cause 
may be (when, for instance, an operator 
opens the breaker at the supply side by 
mistake), the circuit assures the tripping 
of the section breaker through the auxiliary 
contacts of the breaker found at the supply 
side of the working transformer. 

When the section is deenergized, the 
tripping of the working transformer may be 
obtained through the voltage relay connec- 
tion circuit shown in Fig. 11-3. This makes 
it possible to increase the pickup setting 
of the voltage relay to Upickup = 60% of 
the rated voltage. 

The time relay 7R picks up when the 
voltage across the section busbars and the 
current flows in the circuit of the supply 
Fig. 11-3. Connection of voltage relay transformer disappear. This protects against 
which indicates no-current in supply improper disconnection of the working trans- 

connection s ; 
former due to false operation of the instru- 
ment voltage transformer circuits and in 
case of blown fuses. The circuit may be applied when the minimum operating 
current in the main supply circuit is sufficient to make the current relay func- 
tion. The choice of the current relay should be such that it holds the contacts 
open at the minimum load and that its coil is sufficiently heat resistant to 
withstand the maximum possible operating currents. 

When the working transformers are supplied through transmission lines 
equipped with ATS devices, the operating time of the starting element of the 
ATS device with a voltage relay and a current relay must be greater than the 
total time taken to clear the short circuit on the supply line and reclose the 
breaker by the ARG device. Thus, the transfer to the stand-by source is 
performed only in the case of unsuccessful automatic reclosure. If the line 
supplying the transformer is furnished with a two-shot ARG device the operating 
time of the undervoltage protection is generally isolated against the operating 
time of the ATS device in the first cycle. 
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The circuit of a transmission line ATS device (Fig. 11-4) is similar to that of 
the ATS devices installed on the transformers. When the voltage across the 
busbars disappears, voltage relays close the contacts and actuate time relay 2. 
The operating voltage of voltage relay Z is 30-40 per cent of U,,. 

The setting of time relay 2 is greater than the total time taken for clearing 
the short circuit on the supply line and its automatic reclosure by the ARC 






To signal 


àa SA 


Fig. 11-4. Circuit of ATS device of power transmission lines 


1, 3 — voltage relays; 2 — time relay; 4 — delayed reset relay; 5 — signalling relay, 
6 — jumpers 


device from the side of substation A. The setting of relay 2 should be also gre- 
ater than the time needed to clear short circuits on other transmission lines and 
on the lines run from substation A in the zone of residual voltage equal to the 
pickup voltage of relay 7*, The stand-by supply line run from substation B 
should be under voltage. The presence of voltage is indicated by relay 3 con- 
nected to the voltage transformer of the stand-by line. Any device designed for 
taking off voltage (an example is power takeoff from the capacitor bushings of 
the. circuit breaker or from suspension insulators) may be substituted for the 


* When the ATS device is tripped for some reason, the voltage protection must be swit- 
ched off. 
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voltage transformer. Delayed reset relay 4 ensures one-shot operation of the 
ATS device. 

If the supply line is furnished with a two-shot action ARC device installed 
from the side of substation A and if after the second ARC operation the line 
remains under voltage the return of the substation to the main power source is 
best performed manually (locally or by means of a remote-control device). 


Main power 
source 





Stand-by power 
source 


(a) (s) 


Fig. 41-5. Circuit of a.c. ATS device using weight actuators (a) and circuit 
of ATS device with voltage relay supplied with rectified alternating current (b) 





When weight- or spring-type actuators are used at a receiving substation 
and there is no source of direct operating current available, the ATS device 
may be achieved in accordance with Fig. 11-5a. The breaker of the stand-by 
line closes when no current flows in the busbars of the receiving substation 
and a voltage is applied to the entrance of the stand-by source. Under these 
conditions the voltage relays close the contacts, time relay 2 functions and 
trips the breaker SZ. The auxiliary contacts of breaker SJ cut in the closing coil 
CC of breaker S2 which cuts in the stand-by power supply. Time relay 2 is 
operated by alternating operating current. The same current is used to actuate 
the closing coil of the breaker S2. A voltage transformer connected to the 
transmission line of the stand-by supply source is used as the source of alterna- 
ting operating current. 

Figure 11-5) illustrates the circuit of an ATS device used with one-shot 
weight- or spring-actuated breakers. In the ATS device the sensing and actu- 
ating elements are combined in one relay 2A7TR with an armature reset delay 
of 1 to 5s. The voltage applied to the coil of relay 2ATR is taken from three- 
phase rectifier bridge 4 connected to the voltage transformer. 
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To improve the reset-to-pickup ratio of the ATS device, the coil circuit of 
relay 2ATR is controlled by the contact of relay IVR (the reset voltage of relay 
ATR rated for 110 volts is about 10 volts, for which reason when no IVR relay 
is used and with the busbars deenergized, the relay 2ATR may continue to be 
in the closed up position due to induced voltages). Any type voltage relay ha- 
ving a k, of 0.5 or more may be used as the relay VR. When the voltage across 
the busbars of the receiving substation disappears, the relay VR opens its 
contacts and deenergizes the coil of relay 2ATR which, after the preassigned 
time, closes its contacts. The breaker used to cut in the main power source beco- 
mes disconnected. Its auxiliary contacts make the closing circuit of the stand- 
by supply breaker, which has been prepared by the contact of relay 2ATR. 

To accelerate the operation of the ATS devices, the tripping of the main 
power source breaker must be speeded up. To this end, the diagrams shown in 
Figs. 11-1 and 141-2 have circuits which perform such tripping operations when 
the breaker at the supply side of the main supply transformer is open. It is more 
complicated to accelerate the action of ATS devices employed at substations 
supplied from the main power sources over relatively long transmission lines. 

The possibilities are as follows: 

(a) To protect the supply lines, use may be made of a longitudinal diffe- 
rential protection which trips the line from both sides in the case of a short 
circuit. 

(b) Use may be made of a device for rapid transfer of a tripping signal when 
the breaker at the supply line side is open, employing on the line in this in- 
stance a quickly acting protection (a current cutoff, for example). 

(c) The line may be furnished with a protective system which quickly dis- 
connects the line from both sides in the case of a short circuit, the system being 
based on the principle of protection with blocking (lock out) in the case of ex- 
ternal short circuits. 

(d) Use may be made of devices which rapidly indicate interruptions of 
real power flows in the line. Examples are a real power relay with and without 
operation indication with the aid of a frequency relay, a frequency relay sei- 
zing a decrease in the frequency and the rate of this decrease, etc. 

The best results are obtained by using quickly acting protections installed 
both on the lines supplying the substation and on the other lines supplying 
power to the parallel loads. This makes it possible to set the time delay of 
the time relay, incorporated in the ATS device and triggered by a starting ele- 
ment of any type, to 0.5 s. 


11-3. ATS Devices Used by Substations Supplying 
Synchronous Loads 


A typical scheme used to supply power to many industrial enterprises is 
represented by consumer’s (plant) distribution circuits fed from the main step- 
down substations over two trunk lines. Connected to each trunk line are the 
sections of consumer’s busbars with a section breaker installed between them. 
Generally this breaker is open. It is closed by the ATS device in the case of an 
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interruption in the supply to the section after the supply trunk line entrance 
is disconnected. The use of two trunk lines allows them to be used as stand-by 
lines with respect to each other, providing that each section has a transmission 
capacity sufficient to carry the loads of both sections. This power supply sy- 
stem of industrial consumers allows simple-type protection units and ATS 
devices to be used, the high-standard performance of which has been corrobo- 
rated by their application for many years on the station-service installati- 
ons [11-5], 

During an ATS cycle, the synchronous motors connected to the deenergi- 
zed section lose their synchronism with respect to the stand-by source. ATS 
operation may be permitted either after disconnection of the synchronous load 
‘or after removal of its excitation and the transfer to starting operation. Both 
‘duties may be checked by the fact that the voltage across the busbars of the 
backed up section drops to a value at least lower than 65 per cent of the rated 
‘voltage. Thus, the operation of the ATS device after tripping the breaker at the 
main supply entrance (for instance, after the operation of protective relaying 
system) must wait for the voltage to drop to the specified value. 

Asynchronous connection of an excited synchronous load from an ATS de- 
vice may not be recommended for the following reasons: 

(a) Asynchronous connection current is many times the designed nominal 
current of a synchronous motor, this connection may result in damage to the 
motor [11-6], 

(b) Possible asynchronous operation which may cause the synchronous mo- 
tors supplied from the other (intact) trunk line to lose their synchronism, i.e., 
disconnection of the two production process flow lines being supplied from the 
two trunk lines, which often completely destroys the production process. 

(c) Certain types of synchronous motors do not permit resynchronization 
after asynchronous connection without additional measures being taken (an 
example is excitation removal and its subsequent reapplication after recovery 
of the voltage, or short-time unloading of the motor). Low-speed synchronous 
motors of piston-type compressors have such peculiarities {!1-7]. 

To speed up the operation of ATS devices, when carrying synchronous lo- 
ads, the ATS device circuit must incorporate elements which indicate any in- 
terruption in the power supply from the main source and remove, simultaneous- 
ly with the tripping of the entrance from this source, the excitation of the syn- 
chronous motors being connected to the given section of the distribution sub- 
station. When necessary, the above-mentioned element must give a short-time 
unloading to the synchronous motor at the side of the mechanism being driven 
by this motor. : 

Complete disconnection of the synchronous motors with their subsequent 
manual reclosure cannot be regarded as a satisfactory solution of the problem, 
since the prolonged shutdown of important mechanisms driven by synchronous 
motors usually results in disturbance to the production process. This may be 
justified only when the shutdown mechanism is backed up by another one. For 
example, if a mechanism driven by a synchronous motor connected to one of 
the distribution substation sections works into same line as the mechanism 


AUTOMATIC TRANSFER TO RESERVE SUPPLY AND EQUIPMENT 341 


which has its synchronous driving motor connected to the second section of the 
distribution substation, shutdown of one of the mechanisms can cause no distur- 
bance to the production process. 

As mentioned above, elements that can indicate an interruption in the power 
supply to any of the distribution substation sections may be real power relays 
controlled by the operation of an underfrequency relay !'!-8], or a relay respon- 
sive to frequency change rate or one responding to the difference between the 
frequencies of the two sections of the distribution substation [11-9], 

It should be remembered that the voltage relays waiting for the voltage 
drop across the deenergized section may not function for a long time when the 
synchronous motors are not tripped and their fields are not discharged, for 
the voltage will be maintained by the coasting synchronous motors (for several 
seconds). 

In order to speed up the operation of the ATS device started from a voltage 
relay, provision should be made for removal of the excitation of the synchro- 
nous motors (or for their disconnection) after the action of the protector on the 
supplying line or the transformer, with the breakers of the main and stand-by 
supply entrances being tripped at the same time. 


11-4. ATS Devices with Standardization 
Control Stations 


The standardized control stations are intended for transfer of the lighting 
load and power loads when the normal supply voltage disappears. The stations 
are to operate in d.c. and a.c. circuits at phase voltages up to 220 volts. Provi- 
sion is made for switching of two and three poles, i.e., for switching of the cir- 
cuits: phase-neutral, two phases and three phases with a neutral conductor. 
The ATS device may be accomplished with or without a time delay. 

The operating principle of the ATS device intended for transfer to a stand- 
by power supply, when the main supply line is deenergized, is seen from 
Fig. 11-6. 

Under normal conditions the busbars are supplied from Entrance 1. The 
stand-by supply is from Entrance 2. Key switch ICK controls the coil C-IL of 
contactor IZL. The closing circuit is completed through the closed contact 
2L-BC-2 (contactor 2L is tripped open), jumper (bridge) ZJ and closed contact 
of 2ATR (relay 2ATR is deenergized as the key switch 2CK is not closed). 

The auxiliary contacts 7L-BC-1 of contactor JZ make after it is closed. 
Next, a circuit forms through the bridge 2J and closes relay JATR whose con- 
tact ZATR opens the circuit of coil C-2L of the stand-by supply entrance. To 
prepare the circuits for automatic transfer to the stand-by supply, attendants 
have to close key switch 2CK. 

If the working entrance is deenergized (Entrance 1) the contactor JZ drops 
out. Its auxiliary contacts /Z-BC-I open the circuit of relay ATR. The auxi- 
liary contact 7L-BC-2 prepares the circuit for closing the contactor K-2L found 
in the circuit of Entrance 2 (a stand-by supply entrance). After the armature 
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Fig. 11-6. Schematic diagram of ATS device with the use of control station 


Main supply Stand-by supply 





Load 
Fig. 11-7. Circuit of ATS device employing contactors 
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reset time has elapsed, the relay ATR makes the closing circuit of the contac- 
tor of Entrance 2. 

After the contactor 2L has closed, the auxiliary contact 2Z-BC-1 makes 
and closes the relay 2ATR which opens the coil circuit for closing the contactor 
IL. Now Entrance 2 performs the function of the main supply and Entrance 1 is 
used as the stand-by supply source. 

The time taken to close the stand-by supply by means of the relay ATR is 
0.5 s in order to prevent the application of the stand-by supply voltage to the 
coasting excited synchronous and asynchronous motors. If no delay is required 
in the operation of the ATS device, the jumpers (bridges) 2J and 4J must be 
removed. 

A simplified contactor circuit for ATS operations is shown in Fig. 11-7. 
Contactor K1 of the main supply entrance is normally closed. When the entran- 
ce is deenergized the contactor drops out and closes its auxiliary contact which 
closes the circuit of the contactor K2 that switches on the stand-by supply ent- 
rance. The instantaneous ATS action is determined by the tripping time of 
contactor KZ and the closing time of contactor K2. The ATS device is isolated 
by closing knife switch Z. 


11-5. Self-Starting of an Asynchronous Load 


Interruptions to the normal power supply occur during faults in the power 
supply circuit and when the ARC and ATS devices operate. . 

Short time (0.12 to 0.15 s) interruptions hardly brake the asynchronous load 
and most of the motors do not lose synchronism. That is why, where high-speed 
protection units and breakers are used, the short circuits have but little effect 
upon the loads and causeno self-unloading of the power system. With inter- 
ruptions of seconds and more, which occur when the ARC (except HSARC) and 
ATS devices operate, the asynchronous motors may decelerate and even stop, 
and the synchronous motors must be transferred to asynchronous starting with 
subsequent resynchronization otherwise they lose their synchronism and must. 
be disconnected. 

Because of the above reasons the supply lines generally carry a current in 
excess of the normal value after voltage reestablishment. 

If there is a possibility of the asynchronous load self-starting (synchronous 
motors transferred to the asynchronous starting mode are also asynchronous 
loads), the protective relaying calculations must take into account an increase 
in the currents. This phenomenon is evaluated by a starting factor K, whose 
value depends on the composition of the load and whether the motors are fur- 
nished with a protector that deenergizes the motors when the voltage drops. 

Voltage protection must be installed on less important equipment which is 
disconnected in order to facilitate the starting of the motors driving important 
mechanisms or for safety reasons. For the usual loads of receiving substations 
the value of K, ranges from 1.5 to 3 and may be roughly determined on the ba- 
sis of the following. 
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In the asynchronous motor equivalent circuits (Figs 11-8 and 11-9), £.: is 
the inductive reactance and R,; the resistance of the stator winding, z, is the 
inductive reactance and R, the resistance of the rotor winding, which are cor- 
rected to the number of turns of the stator winding; z, is the magnetizing re- 
actance; s is the slip (with a standstill motor s = 1). In normal operation s = 
= Sp = 0.02 to 0.04 (2-4%). 
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Fig. 141-8. Equivalent circuit of asynchronous Fig. 11-9. Simplified equivalent cir- 
motor cuit of asynchronous motor 


When power is first applied to the motor a heavy current surge occurs, its 
value being determined by the reluctance of the motor iron core (a d.c. compo- 
nent surge of the starting current). Corresponding to this moment is the mini- 
mum reactance value z, which then rapidly increases. The starting current chan- 
ges aperiodically. The initial surge of starting current decays in 1-2 cycles 
(Fig. 11-10) and does not effect the protectors having operating times of 0.06 
to 0.1 s. 
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Fig. 11-10. Oscillogram of currents during starting of asynchronous motor 
lin — initial value of starting current, containing a.c. component and d.c. 
component; I p periodic component; Ia — normal current (current corresponding to 

slip s = s) 
n 


As the reactance z, rises very quickly and, in addition, the resistance of 
the stator winding is small as compared with the inductive reactance, a good 
analysis may be obtained from a simplified equivalent circuit (Fig. 11-9). The 
current flow in this circuit is 


U 
EE EE (11-1) 
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To evaluate the value of the periodic component of the starting current, use 
is made of a term “critical slip” s,,. Approximately the critical slip 


po (11-2) 


Tm 


(it holds when z, œ~ œ and Rs isfar less than z,,!11-19]), Placing (11-2) into 
(11-1) we obtatin 


U 
fp (11-3) 


Ve) 


The periodic component of the starting current (with s = 1) 


U 
| ee rn, aN (11-4) 
Ta V 1+ s8, 
With asynchronous motors, s,, = 0.1 to 0.2, hence 
U 
ina (11-5) 


Tm 


In value this current is equal to the short-circuit current behind the lumped: 
inductive reactance Zm. 
Under normal operating conditions the current value is determined from 


(41-3). If s=s,, then 
= 
<r | 
Li. T a 


Thus, the starting current of an piss motor connected across the- 
line (at rated voltage) has the following ee factors 


n Vite) 
Ky. m= = ——— > (14-7) 
n Vise, 


Kany 1+ (22) (11-8) 


When s,, = 0.1 ands, = 0.03, K.m is about 34 and when s,,—0.2. ands, = 
= 0.04, Ksm is about 5. 
As it follows from (411-3) and (14-5) 


V 1+( Se) 


The current factor decreases in proportion to n starting current with the 
decrease in the slip (Fig. 11-11). When s = s,, the current equals 0.74/,. If a 
motor is started at a voltage lower than the nominal voltage the current decrea- 


(11-6): 








or 


346 CHAPTER ELEVEN 


ses in proportion to it. For example, if a motor is connected across the line at a 
voltage equal to 70 per cent of U,, the starting current will also be 70 per cent 
of the nominal value when the motor is started. 

When the voltage is reestablished after a successful reclosure or after the 
operation of an ATS device, some of the motors disconnect (the motors of less 
important loads). Besides, the load of consumers substations includes not only 
the asynchronous motors. Therefore, with respect to the nominal current in the 
line, the multiplicity factor of the line current during an automatic reclosure, 

or ATS operation, is less than the multiplicity 
40 factor of the starting current of an individua- 
lly started motor. 

Moreover, the K, value becomes less also 
because, after automatic reclosure (1-2 s after 
the voltage has disappeared), the asynchro- 
nous motors of most of the mechanisms are 
only braked a little, rather than stopped. Thus, 
if the value of the motor slip at the moment 
the voltage appears across the supply entrance 
is known, the starting current may be deter- 
mined more accurately from equation (141-3). 

In foreign practice, the application of ARC 
and ATS devices was purposely limited, as it 
was feared that there may be asynchronous 
Fig. 41-11. Changes in current closures of the unbraked asynchronous motors. 
carried by stator windings of asyn- Service experience has shown, however, that at 

chronous motor versus slip no-power periods of 1 s or more, i.e., when 

ordinary-type breakers are used and there are 
no ARC and ATS devices, it is not necessary to employ additional 
blocking units [11-11], even if asynchronous motors are connected in parallel 
with capacitor banks. Where the capacitor banks are present, the emf decaying 
time of coasting asynchronous motors becomes greater but does not exceed 
0.5 s. 

The duration of the self-starting process depends on the magnitude of the 
voltage that appears across the motor terminals after a successful ARC and 
ATS operation, the reactionary torque of the driven mechanism and the slip 
value to which the motor is braked up to the instant the voltage is reestablished. 
In order to explain the basic conditions which determine a successful self-start, 
let us consider the specific features of asynchronous motor operation under 
normal and emergency conditions (at the normal and decreased voltages). 

The torque developed by a motor is determined by the power lost in the 
resistance R,/s of the equivalent circuit 


0.8 





Pm = bE? Se (11-10) 


where Ẹ is a certain proportionality factor which takes into account the effi- 
ciency of the motor-mechanism unit. 
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With due consideration to (11-3) we have 


U2 
T m= €——“,— R,/s (14-11) 
a, (4+ = ) 





Taking into consideration (11-2), we obtain 


fa 





(11-12) 





bd Ser 
zm ( Ser zz 8 ) 
The torque developed by the motor at the nominal terminal voltage Un.ph 
is its maximum when S$ = Ser 











2 
Tena k (14-13) 
hence 
a(r) 
Ter Inip (11-14) 
m m. max s Sar 
Ši s 


Usually the torque is related to the value of the torque developed by the 
motor under a rated load 








E a (11-15) 
When in relative units the torque of an asynchronous motor 
U ph 2 
P ~ 5 ( Un. ph ) 
Cem an (141-16) 
tm. max ae el? 
Ser s 


Usually tm. max is approximately 2t,, ,. 
In compliance with (11-16) the initial torque developed by the motor when 


s = 1 is 
(ate) 
= Un. ph 11-17 
bm. i= lm. t —T ( z ) 
+ Ser 








Ser 
When se = 0.2 and Up, = Un prs tm.: is approximately 0.4 tm. mar- 


If a motor is stopped, then, after being connected to the circuit, it can gain 
the required speed and attain normal slip, provided the torque developed by 
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the motor is greater than the reactionary torque t, of the driven mechanism. 
Reactionary torques may be constant and independent of the mechanism speed 
of rotation (for instance, the reactionary torque of a mill, metal cutting machi- 
ne-tools, metal rolling mills, etc.) or may depend on the speed of rotation (exam- 
ples are the reactionary torques of smoke draught fans, pumps, blowers, etc.). 
Some torque characteristics of asynchronous 
t motors and reactionary torques are shown in 
Fig. 14-42. 

So that an asynchronous motor can gain 
speed and drive a mechanism with a constant 
reactionary torque, it has a squirrel-cage rotor 
(a deep bar double-wound rotor) and a charac- 
teristic at which tm is greater than t, whate- 
ver the slip may be (curve 4 in Fig. 11-12). 
If a motor has a phase-wound rotor and the 
reactionary torque has a characteristic depen- 
dent on the slip (curve 2), then the motor 





S 5, 0 
SEn generally can gain speed, for in starting the 


Fig. 11-12. Approximate characte- terminal voltage of the motor is enough to 
ristic of torques developed by asyn- develop a torque in excess of the reactionary 


a E enamel 
load reactionary torque; 3 — torque of As can be seen from (11-16), the torque 


asynchronous motor with phase-wound ; i in. 
rotor; 4 — torque of asynchronous mo- developed by the motor is directly proportio 
tor with squirrel-cage rotor nal to the square of the voltage across the 
stator terminals. In order to ascertain the fact: 

whether a motor is capable of self-starting after reclosing across the line, it is 


important to know the value of this voltage across the motor terminals. 
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Fig. 14-13. Calculation diagram 


(a) circuit diagram; (b) equivalent circuit 


After an interruption in the supply, the first to self-start must be the motors 
of the most important mechanisms. 

So that we may calculate the value of the asynchronous load which may re- 
main connected and determine the value of the asynchronous load which must 
be disconnected by the undervoltage protection or other means in order to en- 
sure the self-starting of the most important motors, we assume that the braked 
motors and power system elements (generators, transformers and transmission 
lines) have reactances in the equivalent circuit (Fig. 11-13). To include the 
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resistances make the calculations more complicated without any positive influ- 
ence on the answer. 


In the case of the self-starting of all the receiving substation asynchronous motors their 
reactances are calculated in compliance with (11-5). If the multiplicity factor of the periodic 
component of the starting current is known, then 


Un. ph Un. ph 


where J, is the total nominal current of all the asynchronous motors. 
If only a few of the asynchronous motors (a) are self-started, the reactance of these 


1 
Tm. sso Ime (11-19) 


The total starting current is 
Un. ph 
Z+ 21t Ttt Xm. ss 


where z,, x) and z; are the reactances of supply power system, line, and transformers, respect- 
ively, as measured between the point of emf application and the stator winding terminals of 
the asynchronous motor (equivalent). 

The residual voltage across the motor terminals which provides the self-starting can be 
accepted as 70 per cent of U,,. In this case, the initial torque is about 50 per cent of the 
initial torque developed by the motor at the normal voltage. 

In compliance with (11-19) and (4141-20) 


(41-20) 


Ts. ss 


Un. ph T 











2 
0.7Un. ph= s. sstm. ss = TEA 7 (11-21) 
Gs+Ha te) +— 
; Tm 
hence 0.3 E4 0.7 (zs-H r12) 
or 
£ 
=0.43 —— 22 _ 14-22 
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Tests carried out by some organizations show that self-starting of asynchro- 
nous motors can take place at motor terminal voltages even less than 70 per cent 
of the nominal value. 

For example, the time taken to bring the station-service mechanisms up to 
the required speed was 32 s with a voltage drop to 54 per cent of U, and a no- 
power interval of 3.9 s when self-starting. When the no-power time was reduced 
to 0.44 s, the run-up time of the mechanisms decreased to 1.2 s and the voltage 
across the motor terminals, after turning on the station-service section, was 
equal to 68 per cent of U,. 

The long time periods to attain the required speed and heavy voltage drops 
are unwanted, as they can cause a dangerous reduction in machine efficiency 
(which, in turn, may spoil the production process) and current overloads both 
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to the self-starting electric motors and the components in the power supply 
system. In this connection, the self-starting of the station-service auxiliaries 
at the power stations and also the loads supplied from the generation voltage 
busbars is helped materially by excitation forcing. ATS operations and redu- 
enop of the no-power time in the ARC and ATS cycles to a value not in excess 
of 1s. 

For more accurate calculations to determine the asynchronous load which 
may remain energized and its self-starting can take place after the voltage is 
reestablished, attention must be paid to the coasting 
and acceleration of a group of asynchronous motors, 
i.e., to the fact, that in a first approximation the 
inertia constant of a group of paralleled mechanisms 
may be taken as the weighted-mean of the inertia 
constants of the individual mechanisms. The actual 
characteristic of the torques developed by the motors 
of the given type is important. For instance, the 
tests at high-steam pressure stations have shown 
that to ensure the self-starting of the station-service 
asynchronous motors with no-power intervals greater 
than 0.5 s the busbar voltage of the station-service 
section after the operation of the ATS device must 
not be less than 75 to 80 per cent of Ult1-121, 

Fig. 41-14. Calculation dia- Thus, the final decision on the self-starting of the 
gram load composed of asynchronous motors is better made 
after full-scale experiments have been carried out. 

In certain instances it is practicable to use protective relaying devices to 
disconnect some of the important loads in order to promote the self-starting of 
loads that are critical in the production prosess. After the reestablishment of 
the voltage these loads are automatically restarted by the ARC devices [it-16], 
When installing an ATS device to connect the substation sections having power 
transformers used as stand-by sources with respect to each other (Fig. 11-14), 
the load carried both by the busbars of the section deprived of the voltage and 
the busbars of the stand-by supply section must be considered. We illustrate 
this, by an example. 

Substation sections SJ and SII are supplied from transformers TZ and TJI and operate 
separately. The power outputs of the transformers are S, and Syr 

The loads of each section are asynchronous squirrel-cage motors. 


Py = S11 COS Pr = YTS 71 COS Pr (11-24) 





and 
Piri = Sirr COS Pry = YirS rr COS PrT (11-25) 


where yy and ;; are the coefficients characterizing the power transformer loads under normal 


operating conditions. 

Assume that cos 9; = cos Piz = 0.8 and the multiplicity factor of the starting current 
K;. m is the same for all motors. When a fault occurs on transformer T/J after it is tripped, 
the ATS device closes the section breaker. Thus, section SZZ is switched over and supplied 
from transformer TZ. Find the percentage of asynchronous load at which self-starting takes 
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place when, after the ATS device has closed the section breaker and during the self-starting 
operation, the voltage across the SJ and SII busbars remains at least 70 per cent of Un- 
Assume that the asynchronous motors connected to the SII section have stopped com- 
pletely while it was deenergized. In this case, the closing of the section breaker is equivalent 
to a short circuit behind a reactance equal in value to the reactance of the SZI motors waiting 
for self-starting as determined from (11-18) 
En. ph 
Un. ph (11-26) 2 
Zm. = -a -26) 
MRN Ks. mIn. m. ssII 
where the nominal current of the motors to be self- 
started is 
kW 
Pm. ssiI 


ae: 7) 
V 80 na. ipn cos Prr 


In. m. ssII = 


Thus 


3Un. ph COS PII 
Im. sI = — iy (11-28) 
Ksm? m. ssIT 


According to the condition of the example, the 
SI busbar voltage decreases after the section breaker 
is closed and becomes equal to 0.7 U,; the torque 
developed by the motors connected to SJ decreases in 
proportion to the square of the voltage, and their slip 
increases. The slip depends on the coasting characte- 
ristic and their operation duration at the reduced (a) (6) 
voltage, i.e., on the duration of the self-starting 
rocess. ’ ; ee 
To find the critical conditions, we assume that Fig. 11-15. Equivalent{circuit 
the self-starting of the SJ motors will be difficult and 
long, which means that the slip of the motors will attain the s,, value. When this is so, 
the torque developed by the SJ motors will be at its maximum (at a given voltage 
across the stator terminals), while the current will be of about 50 per cent the starting value 
vion starting the standstill motors at the rated voltage, the torque being almost fully reac- 
ionary. 

The impedance of the SJ motors at slip s = s,, is determined from the expression 


2 
lmz at s= ser 254 V t+ (=2-) = 1.42, 57 (41-29) 


As this impedance is almost fully reactive, then to simplify the calculations, the equi- 
valent circuit (Fig. 11-15a) corresponding to the starting process period, when the SJ motors 
an braked p the S77 motors start gaining their speed, may be presented with less detail 

ig. 41- i i 

In this circuit the equivalent reactance z,g is determined from 








1 4 4 
=> 1 amn 11-30 
Teq Tm. ssII + 1.42.57 ( ) 
As 
mat Ks. mP i Ks. mys 


then, taking into account (14-28), we obtain 


1 Ks. mPm. ssII Ks, mY1S it 
memi m. ott, Ae mit 11-32 
ze 3U2_,, 008917 | 14-3U2 on (14-32) 
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In order to sustain the residual voltage across the section busbars at a value not less 
than 70 per cent of U, when the self-starting process takes place, it should comply with 
(11-22), so that 





zx 
Tm. ss= me = 2.33 (z4+ z5 + z1) = 2.332; (1+ B) (41-33) 
avhere 
TE Saha (11-34) 
TtI 


The transformer reactance 
2 
3U,, ph Usc% 





n= — Fr AGO (11-35) 
Substituting this expression into (11-33) and taking (411-32) into account, we obtain 

4 100 _ Sa Ks.mPm.sstt_ , Ks.mVIS a1 

fa 2.33 (1B) usc% BU n 38U2 ,cosgy  1.4-3U2 ph 
eee =S (043 ipo vr) (11-36) 


Consequently, the power of the self-starting motors should be 
100 1 Keg "| cos 
Paaa s [ 0.48 EE | pır 11-37 
m.ssII œ YVil lsc% 1+6 1.4 YI Ks.m ( ) 


If in the example being considered yy = 0.7; oa = 4.3; cos Pr; = 0.8; and B < 1 
{ie., zy = 0 and z,/z,, <1) and use% =10%, then 
f 0.7-0.8 
Pm. s=S1 (08—37 
If the power output of transformers T7 and TII are equal and this is the case with the 
loads of SJ and SIZ, then the normal load of section SJZ (for the given example) 
Py. nil = 0.78 47 cos = 0.568 sy 





) =0.48¢1 


Hence, the asynchronous load percentage which may be left under voltage and can be 
self-started after the ATS operation is 
_ 0.4 
“0.56 
Thus, when the voltage drops, the protection must trip about 30 per cent of the section 


asynchronous load. If transformer 7/ is not loaded and it is intended only for backing up 
trnasformer TIZ, then yy = 0 and, as seen from (11-37) the power of the self-starting motors 


may be equal to 


a 100 ~ 70 per cent 


0.43-100 cos gir 
P si oS -38 
a a fi (1P) usc% Ks.m Coe 
For the given example 
Pm,ss1t = 9.85 yt 
If the normal load of the section amounts to 70 per cent of the transformer rating, then 
0.8 . 


i.e., the motor need not be tripped. 
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When the self-starting process proceeds quickly and the slip of the motors supplied 
from SJ rises, but little as compared with the normal value, the value of the second term of 
(41-37) will be less, i.e., a greater percentage of the asynchronous load may be left for self- 


starting. 

When determining the input power of the motors left for self-starting, after 
the operation of the ATS devices of the transformer or reactor-connected station- 
service line, as a first approximation one may use Table 11-2. 


Table 11-2 


Approximate Permissible Percentage of Asynchronous 
Load Left in ATS Cycle for Self-Starting 
(referred to the power of supply transformer) 





Circuit reactance up to Deenergized section picked 
station-service busbars, up by transformer 
2-6 kV (reduced to power 

of supply transformers), % 


unloaded | loaded 
8 175 450 
40 145 120 
12 120 400 
14 100 80 





The table is constructed on the assumption that the multiplicity factor of 
the starting current relative to the nominal value is 5, the terminal voltage of 
the asynchronous motors after ATS operation is 55% of U,, and cos ọ = 0.85. 

When the deenergized section is picked up by a loaded transformer, it is 
assumed that the slip of the working motors increases but little as compared 
with the normal value (roughly twice) and the transformers are connected to 
infinite-power busbars or to the generation busbars, provided the generators 
concerned are furnished with high-speed excitation forcing devices and auto- 
matic voltage regulators. 

To promote an effective performance of the ARC and ATS devices, one has, 
in addition to ensuring the self-starting of important loads, to prevent the trip- 
ping of the asynchronous motors of the given loads in the short-time no-power 
intervals encountered during the ARC and ATS cycles. 

To meet these requirements, the following steps are taken: 

(a) For important asynchronous motors rated at 3 kV and more no under- 
voltage protection is used or, if used, its time setting must be sufficient to over- 
lap the self-starting time (10 s). 

(b) For asynchronous motors tripped with a view to facilitate the self- 
starting of important loads, use is made of undervoltage protection having a 
setting of 65 to 70 per cent of U,, which trips the breaker at the mentioned vol- 
tage drops in 0.5 s. 

(c) In order to automatically reestablish normal operation upon completion 
of the self-starting operation on the important loads, the tripped motors are 
restarted automatically. For this, use is made of ARC devices waiting for reco- 
very of the voltage or time delayed ARC devices performing sequential reclo- 
sures in one or several groups. 
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(d) For important asynchronous motors rated for voltages up to 1000 volts, 
use is made of magnetic starters having a dropout delay overlapping the no- 





Fig. 11-16. Schematic diagram of delayed starter 


power intervals in the ARC or ATS cycles (an example is shown in Fig. 11-16) 
or immediately start the motor after the voltage is reestablished (an example is 
in Fig. 14-17) (11-43, 11-14), 





(3) 


Fig. 11-17. Schematic diagram of starter for immediate reclosure when voltage 
is reestablished within the specified time 


(a) with control contactor; (b) with button-type device; St — starter; TR — relay with 

delayed dropout of armature (up to 3s); D — rectifier. Position of contactor: 1 — to be 

closed; Cl — closed; Op — opened. Transfer from position 7 to position C: is performed 
without interruption 


The device shown in Fig. 11-16 operates as follows. 

The holding system of the starter has two coils, main and auxiliary, carried 
by a magnetic circuit core. When the starter is switched on by the Start button, 
the alternating current rectified by diode DZ is fed to the main coil. After the 
starter has been switched on, its auxiliary contact K turns on the step-down 
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autotransformer Air and the circuit including diodes D2 and D4 holds the star- 
ter locked until the Start button returns to the initial position. Simultaneously, 


the capacitor C starts to charge through 
diode D3 used to bypass the auxiliary 
coil of the starter. When the Start button 
is pressed, the capacitor is protected against 
overvoltages by diode D4. 

The starter is switched off by pressing 
the Stop button which opens the circuit of 
the main coil. The switching-off takes place 
immediately. In case the a.c. voltage disapp- 
ears the capacitor C starts to discharge. 
With respect to the discharging current, 
the main and auxiliary coils turn out to 
be cumulatively connected in series. In this 
instance, the discharge time constant increa- 
ses and additional forces hold the armature 
attracted for the reqiured time. This time 
is controlled by the value of resistance R 
which influences the discharge time con- 
stant of capacitor C. 

If the starter has to disconnect due to 
operation of some service automatic device, 
then connected in series with the Stop butt- 


From ARC device 
—A 





oH 





Star 
l 


Stop ai. 








Fig. 11-18. Magnetic starter without 
immediate reclosure after voltage is 
reestablished 


on is the contact of the output relay of the automatic device. The contact 
opens when the service parameters reach critical values. 





Stand-by motor 


Fig. 11-19. ATS device of motor 


1 — auxiliary relay; 2 — relay with delayed reset; 3 — signalling relay; 4 — pressure 
relay; 5 —- tripping device. Position of auxiliary contact of circuit breaker of working 
motor corresponds to closed state of the breaker 


The device shown in Fig. 11-17 ensures the immediate reclosure of a tripped 
motor after its terminal voltage is reestablished, provided that the interruption 
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in the power supply has not exceeded the dropout time of the auxiliary relay 
TR with delayed reset. 

The circuit illustrated in Fig. 11-17 is one of the most simple variants of 
various starter designs with immediate reclosing when the voltage is reestab- 
lished within the specified time ['1-13], From the point of view of safety regu- 
lations and production processes an unlimited voltage reestablishment waiting 
time for reclosing the breakers cannot be permitted. 

The circuit of a magnetic starter providing no immediate reclosure after 
the voltage has been reestablished is shown in Fig. 11-18. When it is necessary 
to reclose it after a specified period or in a preassigned sequence, the circuits 
shown in broken line can be used by connecting them, for instance, to the 
ARC device of the given unit. 

In those cases, when the generation units have to perform the duty of a stand- 
by source for each other, only one of the motors operates under the normal 
conditions (working one, Fig. 11-19). When it is disconnected for any reason 
and, in particular, when the main source working voltage fails or falls sharply, 
the stand-by motor is automatically connected. It is supplied from the stand-by 
source [11-15], 


41-6. Conclusions 


4. The use of ATS devices at power stations and substations of power systems 
helps to ensure a dependable power supply and in many cases simplifies the 
circuit and protective relaying. The combined operation of ARC and ATS 
devices adds still more to the reliable operation of power systems. 

2. The use of ATS devices assures sectionalization of substation busbars 
and reduces short-circuit currents, facilitates the equipment operation and 
cuts down costs. 

3. ATS devices produce the best results when a deenergized network includes 
lighting and heating loads and also asynchronous motors whose self-starting 
may be attempted after the power supply is reestablished. 

4. When a network incorporates synchronous motors, operation of the ATS 
devices of the supply service entrances must be coordinated with the action 
of the automatic controls which transfer the motor into the asynchronous 
starting mode and perform resynchronization after the supply is reestablished 
in a way similar to that used by the ARC devices of substations with synchro- 
nous loads. 

Connecting a stand-by source to excited asynchronous motors should be 
avoided as far as practicable. In particular cases, such connection may be 
effected after checks to see whether it is tolerable as to the mechanical strength 
of the motor and its resynchronization and if such connection will not disturb 
the synchronism of the stand-by source motors. 

5. The circuits of ATS devices should be as simple as possible. These devices 
are applied on installations with direct operating current and on the equip- 
ment supplied from an alternating operating current source. 
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6. When ATS devices are used, the protective relaying calculations must 
be always carried out with consideration given to the increased currents encoun- 
tered in the self-starting of asynchronous motors. When the no-power interval 
in the ATS cycle exceeds 0.5 s, the terminal voltage of the motor disappears 
almost completely and may be neglected in the calculations. When the no- 
power interval is less than 0.5 s (0.1 s, for instance), the terminal voltage of the 
asynchronous motor has no time to vanish and it may oppose the line voltage 
in the ATS operation with a resulting increase in the mechanicai ‘loads suf- 
fered by the motor and an excessive starting current inrush as compared to the 
current inrush when cutting in a fully stopped asynchronous motor. 

7. Automatic switching-on of stand-by supply sources needs investigations 
into the conditions necessary for the self-starting of important mechanisms 
which ensure continuity of production processes (examples are station-service 
auxiliaries and industrial productive mechanisms). 


11-7. Review Questions 


1. What is the difference between the automatic transfer to stand-by power and auto- 
matic reclosure? 

2. On which power station auxiliaries are ATS devices most practicable? 

3. How is the operation of the ARC and ATS devices installed on the step-down power 
transformers of substations coordinated? 

4. Why does the excitation forcing of generators facilitate the self-starting of asynchro- 
nous motors in the station house circuits after operation of the ATS devices on the transformers 
which supply power to the station-service sections from the generating voltage busbars? 

5. How does an increase in the output power rating of power transformers employed by 
substations effect the self-starting conditions of the consumers’ asynchronous motors being 
supplied from the substation busbar sections? 

6. Describe the specific features of a system used to control the contactors and magnetic 
starters of asynchronous motors left for the self-starting purposes. 

7. What are the conditions determining successful self-starting of asynchronous motors 
after the operation of ATS devices? 

8. Enumerate the disadvantages and advantages of the sectionalized supply to busbars 
with the use of ATS devices as compared to a circuit with parallel-connected sections. 

9. How is the use of an ATS device taken into account, when accomplishing the protect- 
ive relaying of consumers and supply units of the power system? 

10. How is the presence of synchronous motors supplied from the busbar sections of 
step-down (low-tension) substations taken into account when accomplishing an ATS device? 
Draw a circuit diagram of an ATS device that waits fora voltage decrease across the busbars. 

11. What are the methods used to detect voltage failure on the main supply line? 

12. Think of and draw an ATS circuit which detects voltage failure by a real power 
directional relay and an underfrequency relay. Envisage the action of this detecting element 
on the automatic field discharging devices of synchronous motors with the simultaneous 
switching of the rotor winding to a resistance. Design a circuit for resynchronizing 
a motor after the normal voltage across the supply section is reestablished. 


Chapter Twelve 


OPERATION OF ARC AND ATS DEVICES 
IN CONJUNCTION WITH PROTECTIVE RELAYING 


12-1. Acceleration of Protection Action 
Before ARC 


Acceleration of the protection action before ARC allows the short-circuit 
clearing time to be reduced and adds to the reliable operation of the loads. 
Accelerating the action of a protective relaying unit before the operation of an 
ARC device is accomplished by a non-selective high-speed protector installed 
on the protected line together with the main selective protection, After the 
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Fig. 12-1. Characteristics of protection units when their operation is acce- 
lerated before automatic reclosure 


operation of the ARC device, the non-selective high-speed protection is auto- 
matically rendered inoperative for a period greater than that needed to trip 
the line by the selective protection, say, by a current protection witha stepped 
operating time characteristic (Fig. 12-1). 

The use of accelerated protection before the ARC operation makes it pos- 
sible for an ARC device to be installed only on the pilot section, ensuring 
reclosures of all the sections of the outgoing line chain. This method produces 
good results on short lines or when the circuit breakers of receiving substation 
are not adapted for automatic reclosing. The characteristic of the protection, 
ee operation is accelerated before the ARC operation, is shown in broken 
ine. 

When a fault occurs on any section of the transmission line the breaker 
of the pilot section opens and recloses. This quickly clears 60 to 70 per cent 
of the faults, as after ARC operation the insulation in the majority of cases 
is reestablished. When short circuits are cleared with a time delay (without 
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accelerating the protection action) the number of successful automatic reclo- 
sures is materially reduced. In the case of connection to a persisting short 
circuit, retripping is performed selectively, as the non-selective protection is 
automatically disconnected. 

Accelerating the action of the protection before ARC operation in the ARC 
circuit on Fig. 8-3 can be realized, if the break contact of time relay TR is 
applied. 


12-2. Acceleration of Protection Action After 
ARC, ATS, and Remote Connection 


Accelerating the protection action after the breaker is closed by an ARC 
or ATS device, or remotely by hand or a remote-control system, allows a faul- 
ted element to be immediately isolated if a short-circuit connection is made 
despite the fact that the element protection is delayed in time. This method 
minimizes the effect of short-circuit connections on the operation of the loads. 
The damage is mitigated and the parallel operation stability of the power 
system generators is also improved [!2-1], It is advisable to use the accelerated 
protection in all instances when high-speed protection of an element is not 
used at all or it covers only part of the line. 

Accelerating the protection action after ARC operation in the circiut of an 
ARC device shown in Fig. 8-3 can be accomplished by using the contact of 
relay TR, the operating time of which is 0.1 to 0.15 s. The time during which 
the accelerated protection unit is set into operation by the instantaneous contact 
of relay TR is determined by the final contact time. The closure of this contact 
resets the device. 

To accelerate the protection action in the circuit in Fig. 8-3 not only after 
ARC operations, but also after closing the breaker by hand, it is good practice 
to perform the operating closures of the breaker through acting upon the relay 
TR. In the circuits shown in Figs 8-4 and 8-5 the protection action is accelerated 
after any remote closure of the breaker by relay ATR which is delayed in the 
armature dropout after the coil is deenergized. With the breaker in the tripped 
position, this relay carries a current and closes the make contact. This prepares 
the circuit for the accelerated protection action. After the breaker has closed, 
relay ATR becomes deenergized and some time later (1-1.5 s) opens the acce- 
lerated protection circuit. The opening must take place after the breaker has 
closed and the accelerated protection has operated. 

The method of accelerating the protection action after ARC and ATS opera- 
tions is always used when the object is furnished with other than high-speed 
protection, i.e., when use is made of a protection with stepped time delay 
characteristics. In particular, when use is made of a stepped remote protection, 
either the second zone may be accelerated after the ARC operation or the first 
zone may be prolonged by means of an accelerating relay, i.e., 0.3 to 0.5 s after 
the breaker is closed; the relay ATR in Fig. 8-4 changes the operating setting 
of the first zone of the remote protection and lengthens the zone of action to 
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120 per cent of the line length. Till this moment the action zone was only 80 
to 85 per cent of the line length. | 

To discriminate against the effect of the starting current inrush in the 
asynchronous motors, the current protection against interphase short circuits, 
responding to full currents, is accelerated to 0.15-0.5 s. The latter figure relates 
to the instances when the protection, functioning after the operation of an 
ATS device installed on the circuit breakers of station-service stand-by trans- 
formers is accelerated [11-4], The protection responding to the zero-sequence 
currents is accelerated up to 0.1-0.15 s in order to isolate currents which appear 
due to the nonsimultaneous closure of the breaker phases. It is good practice 
to connect such a protection to the current transformers through a quickly 
saturable auxiliary current transofrmer so that the effect of the d.c. component 
in the zero-sequence current is eliminated. 

The method is also applied in order to realize the high-speed protection 
of long 500-kV lines through the use of “trial” devices which switch on the 
nonselective high-speed protection for a certain time, with the line closed at 
one end, when the main high-speed protection of the given line is inoperative. 


12-3. High-Speed Selective Disconnection 


The joint operation of the protective relaying and ARC devices allows 
selective disconnections to be accomplished by nonselective protection units. 
Two methods are developed in the USSR 112-2, 12-3], 





Fig. 12-2. Correction of nonselective action of protection by ARC device 


(a) Increasing the number of automatic reclosures as the section approaches 
the pilot section. The operating time of the main protection is chosen accor- 
ding to the step principle. An additional instantaneous protection is installed 
to cover the section under protection and part of the next section. A nonselec- 
tive current cutoff or nonselective distance protection is used as the additional 


protection (Fig. 12-2). 
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When a fault occurs in the action zone of the instantaneous protections of 
two adjacent sections (section JI and section JII at point SC,, for instance} 
both sections are tripped and reclosed by the ARC device. 

When the automatic reclosure is successful the supply is reestablished. 
If the short circuit persists, both sections are disconnected again. Next, the 
operation of the two-shot ARC device in the second cycle will reclose section I/F 





Fig. 12-3. Characteristics of protective relaying during sequential automatic 
reclosures 


and will not reclose section J/, as the latter is furnished with a single-shot ARC 
device. The figures found near the ARC symbol in Fig. 12-2 stand for the number 
of automatic reclosures performed by the ARC devices. 

Within section J (a power transformer) protected bya current cutolf or 
differential protection, the ARC device does not function when these protec- 
tions operate. Therefore when there is a persisting fault within their active 
zone and section J is tripped, the nonselective disconnection is corrected 
by the ARC device installed in section JJ (on breaker 2). 

This method enables a rapid selective disconnection to be obtained without 
using costly and complicated protections, confining oneself to the use of ordi- 
nary current cutoffs or single-stage distance protections. The disadvantage 
of this method is the possibility of simultaneous protective operations on two 
adjacent sections and the deenergizing of the loads supplied over a sound line 
for the operating time of the ARC device and closing of the breakers. When: 
the ARC device or a breaker fails the fault will develop. 

The method is applied when single- and two-shot ARC devices are used. 
Three-shot automatic reclosing to correct the nonselective operation of the 
protection is not practicable, as the result is a prolonged interruption to the 
ae which is determined by the operating time of the three-shot ARC 

evices. 

(b) Sequential automatic reclosures of transmission line sections. In addition 
to the protection which selectively disconnected a faulted sections, each sec- 
tion is furnished with an instantaneous protection. The reach of this protection 
covers the section under protection and part of the next one (Fig. 12-3). Like 
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in the method described above, the protection is presented by a current cutoff 
‘or single-stage distance protection. 

Now consider the operation of the protection and automatic reclosing when 
faults occur within the reach of the instantaneous protections of two adjacent 
sections (section //, section JII at point SC,, for instance). If a short circuit 
occurs at point SC, both sections disconnect in one operation. Section II 
which is closer to the power source is reclosed by the ARC device within a shor- 
ter time. As this happens, the nonselective protection from the side of the 
supply substation still remains closed for some time. If the insulation of sec- 
tion III is reestablished during the deenergized state of the line, the line remains 


protection 
circuit 


breise ective 





Fig. 12-4. Withdrawal of nonselective protection from operation during sequen- 
tial automatic reclosures (variant of circuit) 


connected. Next, the ARC device in section JJ operates. The time taken by it 
to close the breaker is greater than the total time taken to close the breaker of 
the ARC device located in section ZII and the time of subsequent tripping 
of the breaker if it is connected to a persisting short circuit. 

At the moment the breaker is closed by the ARC device of the more remote 
section JJ, the selective protection of the nearer section ZII is automatically 
rendered inoperative. Thus, if a short circuit occurs in a more remote section 
and the fault persists during the disconnected state of the section, this section 
will be selectively tripped (section JII will remain energized, as its nonselec- 
tive protection is disconnected by the instant section JJ is switched on). 

The nonselective protection of section JJ is automatically removed from 
the operation by the ARC device some time later after the breaker of section JJ 
is closed. The next reclosing of the nonselective protection of section ZII takes 
a time exceeding the total period of switching on section JJ by the ARC device 
and the subsequent disconnection of the section if the fault persists. When 
a fault occurs in section 7 the operation of the protection and ARC devices 
is the same. 

A circuit for switching the nonselective protection is shown in Fig. 12-4. 
‘Simultaneously with feeding a closing pulse, the ARC device closes the circuit 
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of time relay TR which holds itself by an instantaneous contact. A little later 
after the breaker is closed the sliding contact completes the circuit of the auxi- 
liary relay AR. The relay AR opens the nonselective protection circuit before 
the last-to-operate contact of relay TR closes. The time settings of the sequen- 
tial automatic reclosure devices is intimated from the example given below. 


Let the circuit (Fig. 12-3) be furnished with a sequential automatic reclosure device. 
We choose: 

(a) The time needed by the ARC device to close the breakers. 

(b) The time for disconnection of the nonselective protection. 

(c) The time required to reset the device element disconnecting the nonselective protec- 
tion, say, for section ZITI. 

Being given the operating time of the ARC device in section JJI as equal to 1 s. Dis- 
connection of the nonselective protection of section JZZ is carried out after the closure of 
ithe :sliding contact of relay TR (Fig. 12-4). This time is 


0.8+0.44+0.15+0.3=1.35 s 


Where 0.8 is the breaker closing time, 0.1 s is the operating time of the nonselective 
protection, 0.45 s is the breaker tripping time, and 0.3 s is the margin time. 

The operating time of the ARC device in section J7 is selected so that the closure of breaker 
II takes place after the nonselective protection in section ZZZ is disconnected 


tance =—1+1.35-+0.3=2.65 s 


where 1 s is the operating time of the ARC device of section JJI, 1.35 s — the closing time 
of the sliding contact of relay TR of the circuit shown in Fig. 12-4, and 0.3 s — a margin 
time (additional margin time results from the fact that the contacts of the breaker make 0.6 
to 0.8 s after the operation of the ARC device in section //). 

The operating time of the final making contact of relay TR in section ZII is determined 
from the fact that the nonselective protection of section JZ can be reestablished only after 
the ARC device has closed section Z7 which is tripped again by the nonselective protection 
in the case of a persisting fault. 

The making time of the last-to-operate contact of relay TR of section JIZ is 


(2.65—1)+0.8+0.1+0.15+0.5=3.2 s 


where 2.65 s is the operating time of the ARC device of section ZZ, 1 s — the operating time 
of the ARC device of section J//, 0.8 s — the closing time of the breaker of section ZI, 0.1 s — 
the operating time of the nonselective protection of section JJ, 0.15 s — the tripping time 
of the breaker of section ZZ, and 0.5 s — a margin time. 


As compared to the method used to correct nonselective action of the pro- 
tection with the aid of ARC devices with increasing the number of reclosures, 
the sequential automatic reclosure method has the advantage as it needs no 
two-shot ARC devices. |Moreover, the breakers do not isolate a short circuit 
more than twice in succession. The disadvantage of the sequential automatic 
reclosing is that when the next in sequence section is connected by the ARC 
device with a greater time delay the high-speed nonselective protection of the 
previous section must be disconnected. If a fault occurs in this section at this 
time it is cleared by the low-speed selective protection. 
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12-4. Substations Without Circuit Breakers 
on the High-Tension Side 


The costs of a receiving substation may be reduced by installing isolators 
and short-circuiters on the high-tension side in place of circuit breakers- 
(Fig. 12-5). When the power transformer is at fault its protection trips the 
breaker on the low-tension side and engages the short-circuiter on the high- 
tension side. 

In circuits with heavy earth-fault currents, a single-pole short-circuiter 
is used. A two-pole short-circuiter is applied in circuits with light earth-fault 
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Fig. 12-5. Supply circuit of substation without breakers on the high-tension side 


currents. Closing the short-circuiters causes a short circuit in the high-tensiom 
circuit and makes the protection from the supply substation side function 
(this protection may function earlier, if its sensitivity issufficient to operate 
at a fault in the transformer). The breaker from the side of substation A trips. 
A compulsory condition is the tripping of the breaker from the side of substa- 
tion A only after the closing of the short-circuiter with the result that the 
protection must. be decelerated, otherwise the breaker may connect to a persis- 
ting short circuit caused by failure of the isolator to function during the no- 
power interval (see below). 

After closing the short-circuiter, it carries a short-circuit current (Fig. 12-6a)- 
Opening the breaker from the side of the supply substation causes the cessation 
of current flow in the circuit of the short-circuiter and in the primary of current 
transformer 72. While the short-circuiter carries the short-circuit current, 
the coil of electromagnet 3 functions and deenergizes after the short-circuit. 
current is stopped. The compressed spring forces striker 73 to knock out latch 4.. 
Isolator 6 trips open. A similar action causes the relay 87 R (Fig. 12-6b) to 
function, this takes place after the blocking contacts 5BC-2 have checked the 
closed position of the short-circuiter and the closed contact of relay 2CR has 
checked the current flow through the short-circuiter, i.e., the open position of 
the breaker from the supply substation side. After the specified time, which is 
enough to allow the isolator to trip the circuit of the faulted transformer for 
sure, the ARC device recloses the breaker A (Fig. 12-5) and reestablishes the 
service to the loads supplied from the intact transformer. 
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In order to avoid an increase in the operating time of the protection from 
the side of substation A, the protection is sometimes allowed to operate in the 
case of faults in the power transformer before the short-circuiter has closed. 
In this instance, unsuccessful action of the ARC device is possible, as the auto- 
matic device between the short-circuiter and the isolator will not function 
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(a) 
Fig. 12-6. Circuit diagram of automatic and protection units for substations 


having no breakers on the high-tension side 


(a) a.c. variant; 7 — supply power system; 2 — short-circuiter; 3 — coil of electromag- 

net; 4 — tripping device (latch) of isolator; 5 — short-circuiter; 6 — isolator, 7 — capa- 

citor; 8 — auxiliary relay; 9 — rectifier; 70 — voltage transformer; 12 — series resistor; 

12 — current transformer; 23 — spring; 14 — resistor; 15 — voltage regulator (tube); 
(b) d.c. variant: 2 — current transformer; 2 — current relay; 3 — time relay 


and the current flow in the short-circuiter will start after the operation of the 
ARC device at substation A. The breaker will be tripped. Recovery of the 
supply to the intact transformer of the receiving substation can be obtained 
by using a two-shot ARC device at substation A. 

The purpose of time relay 3 in the circuit on Fig. 12-65 is to prevent 
the isolator operating when currents may flow to the faulted place not only 
from the supply source of the substation A side, but from the synchronous or 
asynchronous load connected in parallel with the intact transformer. 

Tripping the breaker by the protection at the substation A side sharply 
reduces the current flow in the short-circuiter, which may cause operation 
of its automatic devices and tripping of the isolator, notwithstanding the fact 
that currents from the synchronous and asynchronous coasting motors, sup- 
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Fig. 12-7. Use of TFRT devices at substations without circuit breakers on the- 
high-tension side of power transformers (explanatory diagram) 
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plied from the intact transformer whose field is not discharged, continue to. 
flow to the short-circuited point in the faulted transformer. As mentioned 
previously, to discharge the field of synchronous motors, automatic devices. 
are required which can seize the disconnection of the supply line and transfer 
the synchronous motor to operation with removed excitation and subsequent 
resynchronization, the emf decreasing time of the asynchronous motors being: 
0.5 s. Failure to take these circumstances into account makes the isolator trip. 
an arc which may be responsible for a persisting short circuit and unsuccessful 
automatic reclosure. 

Reliability can be improved by a receiving substation circuit where power 
breakers substitute the isolators and short-sircuiters. When only one transfor- 
mer is connected to a transmission line, the entrance of the transformer is in 
certain instances connected directly to the supply line without an isolator or 
short-circuiter and even without a disconnecting switch (in equipment sited. 
in atmospheres with chemical fumes). Under these conditions, to trip the brea- 
ker at the supply end of the line, remote-tripping devices employing the high- 
tension conductors or the conductors of the communication cable (devices. 
of the time-frequency remote tripping, type TFRT) are brought into action. 

With substations having no breakers from the high-tension side, the use 
of remote-tripping devices may eliminate the need for short-circuiters or allow 
them to be treated as a back-up measure. A diagram illustrating the operation 
of a TFRT device in conjunction with the operation of ARC and ATS devices: 
is given in Fig. 12-7. After tripping the breaker from the side of the supply 
substation, the transfer of a selective tripping signal to the faulted transformer 
is delayed by means of a time element TE which prevents the disconnecting 
switch, found in the circuit of the faulted transformer, from tripping an arc 
sustained by the emf of the coasting loads as stated earlier. 


12-5. Simplifying Protective Relaying of 
Complex System Lines 


In order to rapidly clear short circuits in a ring system without employing 
complicated high-frequency or multi-stage distance protection units, or when 
these protection units are disconnected for inspection, nonselective operation 
of simple-type protective relaying devices (examples are current cutoffs, single- 
stage distance protection units) may be allowed in conjunction with the opera- 
tion of ARC devices. 

The nonselective operation is corrected either by different time settings: 
of the ARC devices installed on the lines of the ring system or by installing 
ARC devices with a different number of reclosures on the lines of the ring 
system. In particular, in a circuit section where a fault causes nonselective 
disconnection of another section furnished with an ARC device no automatic 
reclosing device may be installed. 

We explain this by examples. 

The section AB (Fig. 12-8), is furnished with protection 2 nonselective with regard to 


protections 7 of the section BC and 5 of the section BD (for instance, selective protection 2 
is disconnected for inspection and a nonselective protection. is installed temporarily). - 
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The nonselective operation can be corrected by several metuods. 

1) The ARC devices on breakers 7 and 5 are rendered inoperative. The ARC devices 
on all the other breakers of the line, breaker 2 included, remain closed. When a fault occurs 
in section BC or BD, breaker 2 is tripped simultaneously with the faulted section. The non- 
selective tripping is corrected by the ARC operation which recloses breaker 2. 

(2) The operating time of the ARC devices reclosing breakers 7 and 2 is diverse. The 
operating time of tiie ARC device serving breaker 7 (t,) is 0.5 to 1 s less than that of the ARC 
device of breaker 2 (t,). 

If the lines BC and BD have no high-speed protection units, whose reach covers the 
entire line, the ARC devices of breakers 7 and 5 accelerate the protection operation after the 
automatic reclosure. When a fault occurs in 
section BC, this section and breaker 2 are 
tripped in one operation. The ARC device 
recloses section BC. Breaker J is closed in 
time ¢,. If the fault persists, the breaker in- 
stantaneously trips. Breaker 2 is closed in 
time ż only after the short circuit has been 
cleared. 

The operation of the protection and auto- 
matic devices is similar if section BD is at 
fault. 

If protection 3 is also nonselective with 
respect to protection units Z and 4, then to 
correct the protective operation by the second 
method, the time settings of the ARC devices 
serving breakers 2 and 3 must be different, 
that of breaker 2, for instance, greater than 
the time setting of breaker 3. When a fault 
occurs in section BC, breakers 7, 2 and 3 are 
tripped. First the ARC device closes breaker 7, then or simultaneously with breaker 7 breaker 
3 is closed, and the third to be closed is breaker 2. After breaker 3 is closed, if the short circuit 
persists, sections BC and DB are simultaneously tripped. Thus, breaker 2 is closed only after 
the short circuit is cleared. The closing of breaker 2 reestablishes the supply to substation B. 

(3) The ARC device intended for reclosing breaker 2 is of the two-shot type, while the 
ARC devices installed on breakers 7 and 5 are of the one-shot type. Correction of a possible 
nonselective trip is obtained due to the fact that in the case of a persisting short circuit on 
the line BC or BD, the faulted lines are disconnected after a one-shot reclosure and do not 
close any more. Breaker 2, tripped nonselectively, is reclosed by the two-shot ARC device. 

(4) When breaker 2 is automatically reclosed, the ARC device removes the accelerated 
nonselective protection from operation (it hadj accelerated operation until the automatic 
reclosure). 

The ARC device of breaker 7 promotes the accelerated protection action after automatic 
reclosure. When a short circuit on line BC persists, the ARC device recloses this line simulta- 
neously with the insertion of the nonselective protection, thus breaker / quickly trips. The 
second time, breaker 7 is tripped selectively, as the nonselective protection on breaker 2 
is removed by the ARC device. 

(5) Sequential ARC operations. After the nonselective tripping of breakers 7 and 2 
in the case of a short circuit on line BC, the ARC device first closes breaker 2 at a smaller 
time setting. Some time later after breaker 2 is closed, the same ARC device renders inoper- 
ative the high-speed nonselective protection installed on line AB from the side of substa- 
tion A. The ARC device next closes breaker 7 in a greater time after the nonselective protec- 
tion of breaker 2 is removed from operation. Thus, the persisting short circuit on line BC 
is repeatedly selectively tripped. 


The above described possibilities of realizing the protection and ARC 


devices in ring systems make it possible in many cases not to use complicated 
back-up protection units and not to duplicate involved high-speed protection 





"Fig. 12-8. Ring system 
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units, when they are rendered inoperative for inspection. It is clear, that the 
method for accomplishing the protection and selection of an ARC device 
must be adopted depending on the local conditions, possible time settings 
of the ARC devices, possibility to remove the ARC devices from operation as 
well as with due consideration to the cirucit configuration. 


12-6. Simplifying Primary Connection Circuits 
and Protective Relaying 


In the open ring circuit with simplified protection relaying the ARC devices 
allow the load to be supplied from two sides, the self-starting of which takes 
place after an ARC device operation with no disturbance to the production 
process. 


Let us examine a few examples, 

4. A substation is supplied over two parallel lines from one power source (Fig. 12-9a). 
Generally, with such lines, overcurrent directional protection units or transverse differential 
current directional protection units are applied, the four breakers being closed. 

The protection system may be simplified if breaker 3 (or 2) is held disconnected. In 
this instance, from the side of substation A instantaneous protection may be installed, the 
nonselective operation of which, if necessary, is corrected by the ARC device of breaker 7 
{or 4). When the automatic reclosure at substation A is unsuccessful, the ARC device at 
substation B functions thus tripping breaker 2 and closing breaker 3 (or vice versa). 

To reduce losses in the circuits, both lines should be connected. Here, breaker 2 of sub- 
station B may be furnished with “low-rating” protection which instantaneously trips breaker 2 
in the case of a short circuit on the circuit sections run from substation B to the loads, and 
on line 3-4, after the opening of breaker 4. 

Substation B is furnished with an ARC device which recloses breaker 2 in a specified 
time, and with an ATS device which trips breaker 3 and closes breaker 2 when the voltage 
across substation B disappears for a long time (in excess of the time taken by the ARC device 
to reclose breaker 2). In the same operation the “low-rating” protection is disconnected. 

2. The substation is supplied from two parallel lines, the substation transformers being 
connected to the lines either through ajT or H circuit. Taps connect the substation to the 
lines. Such circuits are often used to supply power to traction substations. 

When breakers 7-2 (Fig. 12-9d) or breakers 1-3 (Fig. 12-9c) are closed, the line selective 
protection cannot be easily realized. The protective relaying may be simplified if the receiv- 
ing substations are supplied through one circuit breaker and if an ARC device exists on the 
other breaker. In this case, the line protection is accomplished as usual. Its operation is 
discriminated against short circuits on the secondary side of the power transformers of the 
substations tapped to the line. 

The operation of the high-speed line protection in the case of a short circuit in the power 
transformers is corrected with the aid of an ARC device installed on the breakers from the 
side of substations M and N. If the transformers of the receiving substations are furnished 
with ARC devices they are started only by the overcurrent (back-up) protection of the trans- 
formers. The operating time of the ARC device servicing the breakers is greater than the 
total time taken to trip the line, in the case of a short circuit on it, and to reclose it by the 
ARC devices located from the side of substations M and N. 

3. Substation A (Fig. 12-9d) is supplied from station M or N and may be also connected 
into the tie line. If breakers 7 and 2 are normally closed, the usual protection of the lines 
MA and AN calls for installation of complicated relaying equipment. 

The protection of sections MA and AN may be to a great degree simplified, if, for 
instance, breaker 2 is provided with a “low-rating” or is held normally open, substation 
A being furnished with an ARC device (to reduce losses, it is good practice to keep breaker 2 
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closed). pe oan cases as these, the lines MA and AN may be regarded as lines supplied 
at one end. 

4. Lines M-1-2-3-4-N are long lines connecting power systems M and N (Fig. 12-9e). 
Substation 3 is the boundary between the power systems. If the power systems M and N 
are paralleled through a tie link, the line protection must take into account possible asynchro- 


Ay 2 8 





A (a) 


Fig. 12-9. Variants of power supply to circuit sections 


(a) substation connection to parallel lines; (b) same by T-circuit; (e) same by H-circuit; 
(d) ring circuit; (e) installing ATS device on single intersystem lines 


nous operation. If required protection units are not used, breaker Z’ is kept open and is 
closed py the ARC device only when the power supply fails from the side of substation M 
or N (for instance, when the voltage across line 2-3 or across the busbars of substation 3 
disappears). The entire circuit MN will be switched over to a one-side supply from the power 
system M, when the busbar voltage of substation 3 fails, and to the supply from the power 
system N, when the voltage across line 2-3* disappears. 

The time taken to automatically reclose the breakers by the ARC device triggered by 
the undervoltage relay must be greater than the total time for tripping the line from the side 


* Such operating conditions may be allowed if the voltage across the terminals of the 
loads of one-end substations is not below the permissible level, this is possible, but rarely. 
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of power systems M and N and for reclosing it by the ARC device. The protections of lines 
MN should be directional. 

5. Receiving substations 7, 2, 3... (Fig. 12-10a) are supplied from power stations M 
and N through a “deep” (close to the consumer) service entrance. The step-down transformers 





Fig. 12-10. Circuits of “deep” service 
entrance 


(a) fuses or breakers are installed on the 

high-tension side of the transformers of 

receiving substations (b) isolators and short- 
circuiters 


are connected to the tie lines through breakers or high-tension fuses. Installed at the L.T. 
side of the transformers are ARC devices which trip breakers 7 or 3 in the case of a voltage 
failure on the corresponding sections of the receiving substations or when no power flows 
to them and the frequency drops, and reclose breaker 2. 


24* 
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Overhead trunk lines should be equipped with ARC devices; on cable lines the ARC 
devices are advisably installed only when there are many substations connected to the line 
by taps through fuses and also when a delay in the fuse action may cause disconnection of 
the pilot section of the given trunk from the side of substation M or N. 

If the voltage across the L.T. end of the transformers is 110-380 volts, the breakers 
are replaced with a.c. automatic cutout devices. The circuit of the ARC device is similar to 
that shown in Fig. 11-7. 

Illustrated in Fig. 12-106 is a “deep” service entrance circuit with the use of isolators 
and short-circuiters at the H.T. sides of the step-down substation transformers. Selective 
disconnection of a faulted transformer is promoted by the combined operation of the short- 
circuiter, isolator, line protection, transformer protection and line ARC device. 

The supply to the loads connected to the L.T. busbars of the transformers is promoted 
by the operation of the ATS device closing the section breaker. The operation of the ATS 
device should be as rapid as practicable, regard- 
less of the operation of the ARC devices installed 
on the H.T. supply lines. 

The use of such a circuit does not ensure reli- 
able service if a synchronous load is connected to 
the busbars of the consumers’ substations and if 
the consumers employ local power plants of low or 
considerable output rating (examples are power 
plants utilizing prodction wastes). 

If that is the case, when the supply line is 
tripped due to a short circuit, the short-circuit 
currents will continue to flow to the point of short 
circuit from the synchronous load or the generators 
of the local power plants. The result will be either 
an unsuccessful automatic reclosure due to a persist- 
ing short-circuit arc or asynchronous closure of the 
synchronous machines. 

If a short circuit occurs within the zone bet- 
ween the breaker of the step-down transformer 
and the isolator, the currents from the synchronous 
machines of the neighbouring substations will also 
(a) (6) flow to the point of fault. In this case, the isolator 
may either fail to open, the result being an unsu- 
ccessful ARC from the supply aU or, a 

i i the short-circuit current is, after tripping the supply 
me supata tona . line, insufficient to hold the faoluter closed, it 

(a) parallel operation of transformers; ? ; 

(b) sectionalized power supply to busbars opens and interrupts the current generated by the 
synchronous machines of the neighbouring substati- 
ons and thus damages the isolator. 

The operation of the ATS devices installed at the L.T. side of the power transformers 
also becomes more complicated due to the effect of the synchronous machines (motors) con- 
nected to the busbars of the standby supply sections. As already mentioned, the ATS opera- 
tion should be coordinated with the disconnection of the synchronous load or its transfer to 
operation without excitation[ 12-4]. The circuits of the ARC device servicing the H.T. lines 
and the circuits of the ATS devices installed in the L.T. sections should be fulfilled with 
“waiting” for the voltage across the connections deenergized at the power system side to 
drop to 40-45 per cent of the nominal value. The generators of local thermal stations should 
be provided with high-speed sectionalizing protection units isolating these generators with 
their load share from the busbar sections of the substation whose supply from the power 
system. is interrupted [12-5], 

Thus, the use of the circuit shown in Fig. 12-10) for supplying important loads is not 
always advisable. 

6. A substation is furnished with two transformers (Fig. 12-11). When these transformers 
operate in parallef, the short-circuit power is such that reactors must be installed to ensure 





Fig. 12-41. Supply circuits of receiv- 
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the operation of the breakers, or more expensive breakers of higher power rating must be 
installed. When the transformers operate separately, the short-circuit currents decrease and 
there is no need to install reactors or more powerful breakers. 

Separate operation of the transformers and their use as stand-by units for each other 
with satisfactory service to the loads is obtained by installing ATS devices on breakers 
1-3. If breaker J or 3 is tripped, the ATS device closes breaker 2. 





(a) (6) 


Fig. 12-12. Station-service supply circuits 
T1 — stand-by transformer; T2-T4 — working transformers 


7. Shown in Fig. 12-42 are the main power station connection circuits in which section- 
alized supply of the station-service busbars is used. A standby transformer may be connected 
either to the H.T. busbars or to the generator voltage. When the working transformer is 
disconnected, the ATS device cuts in the standby transformer and transfers the deenergized 
sections to its supply. 


12-7. Step-Down Transformers at Remote-Controlled 
Substations 


If a substation has two transformers working into different sections, the 
ATS device is allowed to close a section breaker after tripping one of the trans- 
formers only when this tripping causes no intolerable overload to the other 
transformer in operation. 

The circuit should be so designed that tripping a transformer by the over- 
current protection causes the operation of the ARC device and prohibits the 
operation of the ATS device. With the internal-fault protection units, the ATS 
device in the transformer functions and operation of the ARC device is prohi- 
bited. The less important loads of the substation are disconnected to prevent 
dangerous overloads to the transformer remaining in operation. 

When under’ normal conditions each transformer is loaded to more than 
70 per cent of the nominal rating, it is good practice to disconnect the ATS 
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device either automatically or remotely and reclose it with the aid of an ARC 
device after automatic disconnection of the transformer. 

In order to prevent the ATS device from possibly reclosing the standby trans- 
former when it is at fault, provision is made for disconnecting the ATS device 
during the operation of the protection responding to internal faults in the 
standby transformer. This prohibition is removed by attending personnel after 
arrival to the substation and elimination of the fault in the standby transfor- 
mer or after disconnection of the ATS device. Similar prohibition is also ap- 
plied to the circuits intended for closing the standby transformer by a remote- 
control unit. 

If the working transformer is overloaded and there is a standby transformer 
which can be connected in parallel to the one in operation, the connection is 
better performed automatically. After the overload disappears the standby 
transformer is then automatically disconnected. 

The standby transformer may be connected and disconnected by an auto- 
matic operator if the peak loads are taken into account in the Load Schedule 
of the substation. The connection of the transformers may be also governed 
by the overall load of the substation. If, for instance, the load of the substation 
rises to 110 per cent of the nominal value of one transformer, the other trans- 
former is automatically switched on. If the overall consumed power decreases 
below 90 per cent of the nominal value of one transformer, the other transfor- 
mer is automatically disconnected. 


12-8. Automatic Discriminating Redundancy 


Automatic discriminating redundancy [1!-?] is used for automation of city 
power circuits, whose loads can accept relatively long (several seconds) inter- 
ruptions to the service. The loads of a city power circuit are supplied over 
radial lines through transformer stations. For mutual redundancy purposes 
several trunk lines are used. A trunk line power supply circuit is shown in 
Fig. 12-43. 

The transformer stations b to e are supplied at one end from the busbars 
of substation a. Each of the transformer stations may be switched over to 
another trunk line supply through the transverse links. Under normal condi- 
tions these links are isolated at substations b to e. 

Pilot breaker 7 is furnished with a protection unit which responds with 
the required sensitivity to short circuits occuring on any of the sections ab, 
be, cd, and de. The operating time of this protection is 0.5 s (discriminated 
against the operating time of the fuses at the consumers’ entrances). 

Breakers 2 to 8 are load switches not designed to interrupt short-circuit 
currents. An automatic discriminating redundancy (ADR) device opens these 
load switches after breaker Z is tipped and the trunk line ae — deenergized. 

The operating time of the ADR devices to trip the load switches is assigned 
to suit the diagram (Fig. 12-135). The tripping time of even numbers is 


lo < ta < te < ta and 
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the tripping time of the odd number breakers is 
(t7 = tg) < t5 < t3 


The ADR device operates as follows. 
When a short circuit occurs on the line, say, at point SC, before breaker Z 
at the substation a is tripped, currents shown in Fig. 12-13c by solid arrows 








Main 4a 3 o C 


supply 


Circuit to 
trip switches 
with 


even Nos 


Circuit to: 
of stand-ltrip witches 
with odd Nos 


Fig. 12-13. Automatic discriminating redundancy. Normally open switch is 
shown in black 


(a) circuit diagram; (b) operating time of current protection devices; (c) explanatory 
diagram; (d) schematic diagram of ADR device (for substation c) 


flow in the circuit sections. The short-circuit current flow is registered by the 
ADR devices (with the aid of a relay ZAR, Fig. 12-13d) installed on each of 
the service entrances of the transformer stations. The relay ZAR functions 
if the voltage drop caused by a short circuit is accompanied by the operation 
of a current relay, i.e., when the contacts VR-ZJ and 5CR close. Relay ZAR 
holds itself closed until the voltage is reestablished and the contacts VR-I 
open. 

‘The relay ZAR operates and breaks the contact 7A R-3 in order to open the 
tripping breakers with the even numbers. When a short circuit occurs at point 
SC,, disconnected in this way are the tripping circuits with time ¢, and %,. 

As the short-circuit current flowed in section 5-6 only to the point SC,, 
the relay ZAR on the ADR device of switch 6 did not function. Thus, switch 6 
trips in the time determined by the characteristic tę (Fig. 12-13b). Switch 5 
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is tripped by its ADR device in time t;. This is done by the time relay TR 
oy the contact TR-2 whose circuit is not controlled by the contacts of relay 
AR). 

The breaker of the reserve service entrance is closed by the ADR device 
when one of the service entrances of the main supply trunk line is disconnected 
(even or odd, Fig. 12-13d) and the service entrance of the reserve supply (cont- 
rolled by the auxiliary contact BC of the reserve service entrance breaker) 
and the contacts 2AR-2 or 1AR-2 are closed. 

The contact 1AR-2 of the ADR devices of the breakers in the circuit car- 
rying the short-circuit current closes. Closed is the contact 2A R-2 in the ADR 
devices installed in the main supply trunk line sections which carry no short- 
circuit current (the relay 2AR functions and breaks the contact 2AR-2, if the 
contacts of voltage relay VR-3 and current relay 4CR are closed). After the 
current flow stops, the relay 2AR holds itself closed with the contact 2A R-I 
until the voltage is reestablished. 

Thus, the ADR device discriminatingly trips the faulted section with the 
aid of the load switches (which are not intended for interrupting short-circuit 
currents) subsequently changing the load to the supply from the reserve trunk 
line. 

When a short-circuit occurs on the busbars of the transformer substation 
(for instance, at point SC,), the short-circuit current flow, until the instant 
breaker Z trips, is determined by the broken arrows (Fig. 12-43c). This differs 
from the case of a short circuit at point SC, (considered above) in that no short- 
circuit current flows in section 5-6. Therefore, the relay 5CR in the ADR device 
of switch 5 does not function, the relay ZAR does not operate and the contact 
1A R-2. remains open. Since, with a short circuit at point SC., the relay 4CR 
functioned, the contact 2A R-2 would be opened in time t; at the moment switch 
5 opens. The load switch of the reserve service entrance of the substation c 
will not be able to close. The faulted busbars will be tripped open by switch 3 
in time t. The deenergized substations b, d and e would be automatically trans- 
ferred to a reserve trunk line supply. 

The automatic discriminating redundancy method causes long interruptions 
to the service, a fact which is the main disadvantage of this method of trip- 
ping and reserving the sections when they are many in number. 


12-9, Conclusions 


1. In many instances, the combined operation of the protective relaying, 
ARC and ATS makes it possible to clear short circuits more quickly, widen 
the field of application of the ARC and ATS devices and high-speed simple 
type protection units. 

2. It is advisable to use protection acceleration when high-speed protection 
units are not available. The circuits of ARC devices utilized in the USSR 
provide for protection acceleration before and after the automatic reclosure. 
Rather simple sequential automatic reclosures are possible too. 
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3. After distance connection the accelerated protection time should be 
such that any reclosure, due to the raised currents resulting from starting 
the electric motors does not take place. 

4. ATS of electrical installations makes it possible to achieve radial supply 
to the loads with a 100-% reserve supply. The sectionalization of the substation 
busbars reduces the short circuit currents, thus facilitating operation of the 
switching equipment and cuts down construction costs. 

ö. The use of ARC and ATS devices must be coordinated with the appro- 
priate protection units and control devices of the actuators of the asynchronous 
load breakers and with the automatic devices helping resynchronization of 
synchronous motors. 

6. The combined use of isolators and ARC devices in place of circuit brea- 
kers should take into account the type of loads and, in particular, the fact 
that after deenergizing, the loads continue to maintain for some time the ter- 
minal voltage. This is especially true of a synchronous load. 


12-10. Review Questions 


1. Enumerate the possibilities of simplifying protective relaying devices when ATS: 
devices are applied and the supply is the one-end radial type as compared to the ring power 
supply system. 

2. How can the rapid selective disconnection of a faulted section be ensured by comb- 
ining the operation of ARC devices with the operation of nonselective protective relaying?’ 

3. What is meant by the expression correction 
of nonselective operation of protective relaying by 
means of ARC devices? 

4. What is the difference between the protec- 
tion acceleration before automatic reclosing and 
the operation of accelerated protection after auto- 
matic reclosures? 

5. Explain why it is good practice to accele- 
rate the operation of protective relaying devices 
after any distance closing of a transmission line 
breaker. 

6. What are the phenomena which, when 
taken into account, limit the possibilities of acce- 
lerating the protection operation after the function- 
ing of an ATS device installed on the section'breaker A B 
of a substation in the presence of asynchronous and 
synchronous loads? 

7. Selective protection unit 7 in the section 
AB (Fig. 12-14) of a ring system is disconnected 
for repair purposes. What is the method that can be used to preserve rapid clearing: 
of faults on the line AB from the side of substation A if breaker 7 has its current cutoff closed 
which is nonselective with regard to the high-speed protection of line 3-4? 

8. How can sequential automatic reclosure be accomplished through the use of an ARC 
device shown in Fig. 8-4? 

9. What is the principle underlying the device for discriminating redundancy of trunk 
line sections supplied at one end? 

10. What are specific features of ATS devices used at remote-controlled substations?’ 


C 





Fig. 12-14. Ring circuit 


Chapter Thirteen 


AUTOMATIC CONTROL ELIMINATING OVERVOLTAGES 
ACROSS EQUIPMENT 


13-1. General 


The growth in power station outputs, long distance power transmission 
and integration of power systems into one super grid for the whole of the Soviet 
Union means the construction of 500, 750 kV, and more, transmission lines. 
The one-end disconnection of long lines operating at such voltages causes 
-overvoltages both at the disconnected end and (to a less extent) at the end 
‘connected to the supply substation busbars. The terminal voltage of the equip- 
ment may exceed the permissible value for its insulation. 

To illustrate the operating principles underlying automatic controls which 
eliminate dangerous overvoltages, we must first find what causes these over- 
voltages. The electric power transmission lines with distributed inductive 
reactances and capacity susceptances!4-1i may be presented by T or inverted U 
equivalent circuits (Fig. 13-1), the legs of which include the lumped reactances. 
The relationships given below are correct for lines up to 500 km in length. 
For longer lines, the voltage calculations should be based on the expressions 
used for circuits with distributed parameters. 

The lumped reactance values are determined with the help of the specific 
inductive x, and capacity zç reactances for each kilometer of line length, the 
resistance being neglected. Let U,,, denote the line “beginning” voltage and 
Ueng the open “end” voltage. The difference between these voltages is AU. 

From the diagram in Fig. 13-1a it is seen that 


AU = I¢ax,1/2 (13-1) 
From the diagram in Fig. 13-1b 
AU = Ibal (13-2) 
The currents I and Ié are 
a Uendt 
loa (13-3) 
b Uend 
DT (13-4) 


For both equivalent circuits 
AU =0.5— PU ena (13-5) 


x 
ZC 
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Thus 
U beg =U ena — AU (13-6) 
U veg =Uena ( 1—0.05 ZŁ 12) (13-7) 
hence 
= U beg < TL 79 
EF Sketa (13-8) 


Figure 13-4c shows the ratio Usna/Ubeg as a function of l for the values 
Zc/xz corresponding to 500 kV, 50 Hz transmission lines (xz, = 0.297 Ohm/km; 
1/zo = 3.71 -10-8 S/km; and zo = 0.27 -10° Ohm-km). 





Fig. 13-1. Voltage across open end of long 
power transmission line (open breaker is 
shown in black) 


Z (a, b) T and inverted U equivalent circuits; (c) volt- 
05-808 a 600 800 km age of 500-kV line “beginning” and open “end” 
versus line length 


From Fig. 13-4c it is easy to determine the value of the voltage at the open 
end of the transmission line with respect to the busbar voltage of the supply 
substation (beginning of line). 

If the busbars to which the “beginning” of the transmission line is connected 
are not the busbars of an infinite-power system, the busbar voltage of the supply 
substation also rises when the receiving end of the line is tripped. The equiva- 
lent circuit in this case has the form shown in Fig. 13-2a. The vector diagram 
is shown in Fig. 13-20. 
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The busbar voltage of the supply substation is 














veg = E pn tI cLsyst (13-9) 
U veg = Epn + 22% lays (13-10) 

o Eph Uend Tsyst 
a a za (13-11). 

Eph Tsyst 
l U Pe Be (armia 
l.e. 

Ube ZE ph (13-13) 


When tripping the open long lines carrying the generation, the possibility 
of an increase in emf of the generators (£,,) should be considered. This may 





(2) (6) 
Fig. 13-2. Calculation diagram (a) and vector diagram’ (b) for the case of one- 


end tripping of long power transmission line (resistance [of line and power sy- 
stem is neglected) 


occur, first, due to the machine acceleration when the load is discarded (up 
to 130% for hydroelectric generators) and, second, due to the generator self- 
excitation effect. 

An increase in the generator speed raises the emf of the exciter carried by 
the rotor shaft and the result is an increase in the voltage across the terminals 
of the stator winding. 


The self-excitation may be explained in a simple way as follows. 

When a long transmission line is tripped at the receiving end and it has a generator 
and a transformer operating as a unit at the supply end, the equivalent circuit may be pre- 
sented by the circuit diagram in Fig. 13-2a. 

If the total inductive reactance of the circuit becomes equal to the capacity reactance 
of the line, i.e., if 


(tg+aep+2yl/2)=2¢/l (43-14) 


a condition of resonance arises with a resultant heavy current flow in the stator winding.. 
This overloads the generator. 

This overload cannot be eliminated by reducing the excitation manually or by means 
of a field regulator, for the current flow in the stator circuit is maintained by the residual 
magnetism in the frame and pole pieces of the machine. 
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Generator self-excitation is likely to appear when a long transmission line is connected 
to a low-rating power station, and when the Nine is disconnected at one end the relationships 
are close to (13-14). 

Let a 225-MW generator working through a 250-MVA transformer be used under emer- 
gency conditions for a 505 kV, 500 km line tripped open at the receiving end. Under normal 
operating conditions of the generator its cos ọ = 0.9 and frequency fy = 50 Hz. The line 
inductive reactance zz, = 0.297 Ohm/km, and its capacity reactance ro = 0.27 -108 Ohm km. 
For the genereator zgg = 23 per cent. For the transformer ese = 12 per cent. 

A T-circuit is assumed as the transmission equivalent circuit. If due to a load throwing- 
off, the generator speed rises the frequency becomes equal to f, rather than fọ. The resonance 
conditions will be when 


(ŽL) (ca tor+axt/2)= (4) SE (13-45) 
fo fr vt 
For the example under consideration at normal frequency the line capacity reactance 
0 .27-108 
t¢/l= — oy — = 540 Ohms 


line inductive reactance 
zyl/2 =0.297-500/2=75 Ohms 


generator inductive reactance 


Uin. ph (kV) 5052 
TG =S (MVA) Td = 350 -0.23= 235 Ohms 


transformer inductive reactance 


Vin pn (KV) 5052 
7 >= -S (MVA) ese = -zg 012 = 121 Ohms 


To the condition of (13-15) corresponds the relationship 


(Z)? (235-4421 +75) = 540 


f 
Hence 
t- =V TB=1.12 


Thus, for this example, the appearance of self-excitation is clearly seen when the gener- 
ator speed increases by 12 per cent above the nominal value, i.e., at the frequency of 56 Hz. 

Researches show, however [13-3], that the voltage increase due to generator self-excitation 
appears even before the complete resonance condition. 


Along the route of long transmission lines with one-end operation the volta- 
ge is mainly reduced (before the closing of a tie line or when it is tripped at 
one end) by the use of reactors which partially compensate for the effect of the 
line distributed capacitance. The connection of reactors at both ends of the 
line is advisable. However, to cut down costs, reactors are generally connected 
at one of the ends or at intermediate substations. The reactors may be connected 
either permanently or only when they are required in order to reduce the vol- 
tage with a view to preventing damage to the power handling equipment of 
the substations. Control of the on/off switching operations on the reactors 
is by automatic devices. 
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The use of bypassing reactors on the transmission lines, when the breakers. 
of these lines are under single-pole control, may result in resonance effects, 
when not all the phases of a power transmission section are tripped. Fig. 13-3 
shows the circuit formed when one of the line phases is disconnected from both 
sides. As follows from Fig. 13-30, at certain ratios between the inductive and 


ra Phase -to- phase x, 


Tes 
(phase-to-earth) 





Fig. 13-3. Disconnection of one phase of power transmission line with earth- 
ing reactor closed (a) and approximate calculation diagram (b) 


capacity reactances resonance effects may occur at the fundamental or not 
fundamental frequencies with fairly heavy overvoltages on the insulation of 
the tripped phase resulting. 

The overvoltage protection automatic controls have a setting range from 1.15 
to 1.3 of U, and an operating time of 1.5-2.0 s or more and are isolated against 
the synchronous swing period and asynchronous operation in order to provide 
selective operation. 

When the voltage rises to 1.4 U,, the overvoltage automatic controls func- 
tion instantaneously. 


13-2. Overvoltage Automatic Protection Controls 


Since one-end disconnection of a long transmission line is not possible by 
all three phases, the voltage relays are connected to the phase voltages of all 
the three phases. Only one voltage relay connected to the phase or interphase 
voltage may be used if there is a special protection against phase-switching 
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failure. When one of the phases is tripped, whatever the cause, this protection 
disconnects all the three phases at one of the line ends and an increased voltage 
results in all the three phases at the supply end of the transmission line and 


the supply end is disconnected by the 
three phases, even if the overvoltage auto- 
matic protection controls employ only one 
voltage relay. A protection unit against 
phase-switching failure is shown in Fig. 13-4. 

When there are several lines outgoing 
from the substation busbars, the selective 
disconnection of a line tripped at one oppo- 
site end is obtained by installing a one- 
phase control for reactive power flow at the 
other end (at the side of substation busbars). 
The operation of the circuit is clear from 
Fig. 13-5. If, under the conditions of in- 
creased voltage at the substation A, the 
reactive power flow is directed from N to 
the A busbars, it means that the line A-N 
is tripped from the side of substation N. 
If the reactive power flow is directed from 


+ 
Three -phase 
BC-A1  BC-42 tripping 





Fig. 13-4. Protection against phase- 
switching failure 

1 — blocking contacts of switch poles which 

are closed when the phase is tripped; 2 — 


same contact closed when the phase is. 
closed 


M to A, then the line is disconnected from the side of substation M. 
A line may be also tripped at both ends when use is made of a device inten- 
ded to transmit the tripping signal over the remote-control channel. This 


method is, however, more complicated. 





Fig. 13-5. Circuit diagram (open breaker is shown in black) 


The operating time of the sets of automatic devices responding to overvoltage 
is step-like. To take measurements of the reactive power flow in magnitude 
and direction, a relay, type PBM-274, is used. Its characteristic satisfies the 


condition 


T =kU,I, sing (13-16) 
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The power relay is adjusted so that it functions when the line is disconnected 
at the opposite end, i.e. 


Qop = 


Uop. ph (Yop. ph— Eph) (13-17) 
ky gyst 
where. Qop = phase power at which the reactive power relay functions, MVA 
op.ph = Phase operating voltage of the voltage relay, kV 
Eph = phase emf, kV 

= system reactance (Ohms) from the side of the untripped end 
of the transmission line, measured from the busbars of the sub- 
station equipped with overvoltage automatic protection controls 
including the reactive power relay in question. The magnitude 
of the system reactance must correspond to the minimum opera- 
ting rating of the system 

k, = reliability factor (1.5) 

Under normal operating conditions, when carrying only real power, the 
reactive power relay must reliably remain inoperative. The relay braking 
moment is produced by displacing the maximum sensitivity angle of the relay 
a bit so that the load current vector with respect to the voltage vector always 
ensures the braking effect. 

The curcuit of the overvoltage automatic protection controls incorporating 
a voltage relay and a reactive power relay is shown schematically in Fig. 13-6. 

To prevent dangerous overvoltages, the automatic devices must first con- 
nect the reactors when they are installed on the transmission line, or at the 
substation, or if they have been disconnected, in order to reduce the voltage 
prior to tripping the equipment under protection. To eliminate overvoltages, 
the operating sequence of the automatic controls is as follows: first, the cause 
of overvoltage is detected, i.e., the line tripped at the opposite end is determined 
and after a specified time the line is tripped at the substation end where the 
overvoltage is encountered. If the tripping is a failure or undesirable, a bypass 
reactor is placed in the circuit. Another sequence of operations is also possible, 
i.e., in all instances the reactor is placed into operation before tripping the 
line. The line is tripped, if engaging the reactor fails to reduce the voltage 
to the required value. 

If the operation of the automatic device produces no desirable effect and 
the overvoltage persists (an example is a faulted breaker), the equipment under 
protection is tripped open. For this a breaker operation backup device may be 
used. . 

If the reactor is at fault or tripped by the action of the protective relaying, 
the closing control circuit should be automatically opened and a signal must 
be sent to attending personnel. After the voltage has been reduced to the rated 
value and the cause of the trouble eliminated the reactor is usually disconnected 
manually. 

When bypass reactors are connected to 500-kV busbars through step-down 
transformers or 500/110-kV or 500/37.5-kV autotransformer groups, the dis- 
connection of these groups for some reason makes the voltage in the adjoining 


Zsyst 
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region of the 110-kV or 37.5-kV circuits suddenly drop. Therefore, provision 
is made in the automatic device for immediate disconnection of the reactors 
at the 110- or 37.5-kV side when the above-mentioned transformers or autotrans- 
formers are tripped. Usually, for this purpose use is made of auxiliary contacts 
or the contacts or a relay responding to the position of the power switches. 





Fig. 13-6. Schematic diagram of automatic devices responding to overvoltage 
with control of reactive power flow in power transmission line 
1 — power relay responding to power Q = UI sin 9; 2 — voltage relay; 3 — time relay 
(TR-1 — less time; TR-2 — more time; TR-3 — still more time); 4 — tripping devices; 
I — circuit to open the line; JI — circuit to close reactor; IIZI — circuit to disconnect 
autotransformer (if necessary, the sequence of operations may be changed) 


The setting of the overvoltage relay is selected by the expression 


Uop = CBX kn (13-48) 


kreset 





where Umax = maximum possible operating voltage 
ae = margin factor (1.05) 
kreset = Teset-to-pickup ratio of the relay 
The smaller the value of Usp, the closer the reset-to-pickup ratio of the 
relay to 1. To obtain a greater reset-to-pickup ratio a special relay design is 
required as the voltage relays of ordinary types have this ratio equal to 0.9-0.92 
even when they are carefully adjusted. 


25—01513 
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13-3. Increasing the Reset-to-Pickup 
Ratio of a Voltage Relay 


Shown in Fig. 13-7 are some methods for obtaining overvoltage relays with 
a k eset of 0.98. Figure 13-7a shows the connection of an a.c. coil in series with 
a saturable reactor. Usually, the operation of the reactor takes place near the 
knee of the magnetizing curve. When the voltage is below the operating setting, 
the impedance of the reactor suddenly rises, the current in the coilofthe relay 
drops and the relay opens its contacts. 





Fig. 13-7. Overvoltage automatic protection controls 


(a) circuit with additional saturable reactor; (b) circuit with series resistor to change the 
current in relay coil after operation 


Shown in Fig. 13-7) is a circuit intended for increasing the reset-to-pickup 
ratio of the relay. An additional resistance is connected in series with the relay 
coil. After the relay has functioned the resistance automatically increases, 
since the breaking contact of an output auxiliary relay closes it. To prevent 
the output relay from vibration, its closing is controlled by the breaking con- 
tacts of the voltage relay. 

A device responding to a change in the voltage or another electrical quantity 
and having a reset-to-pickup ratio close to 1 (0.955 to 0.999) can be obtained, 
if the design’is based on measuring the difference between the circuit voltage Ue 
and the reference voltage U,.; of the constant quantity. Multiplying the dif- 
ference by ka gives the voltage across the actuator which makes the device 
function, i.e., the output voltage of the amplifier should equal or be greater 


than 
U op = (Uc — Uret) ka (13-19) 
The device resets, when the circuit voltage becomes equal to Ug < U;, 
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while the voltage across the actuator is equal to or less than its reset voltage 


(U reset) if 
U reset = (U: — Uret) ka (13-20) 


The reset-to-pickup ratio of the device as a whole can be readily determined 
from the above-mentioned expressions 


n Uzr U reset t kaU ref j y 
kreset. d = U; — UgpF kaUret (13-21) 


It is seen from (13-21) that the greater the k, value, the closer the k,eset 


value to 4. 
i 7 lotiecror Emiter B 





Fig. 13-8. Transistorized voltage relay 
(a) circuit diagram; (b) transistor elements; Tin — intervening transformer (input); 
1G — 100 mF; 2C — 20 mF; 1R = 1 kObm; 2 W; 2R = 110 kOhm; 0.5 W; 3R = 10 kOhm, 
0.5 W; 4R = 39 kOhm, 0.5 W; 6R=470 kOhm, 0,5 W; 6R = 680 kOhm, 2 W; 7R = 
up to 1500 kOhm (variable); 8R = 3.3 kOhm, 2 W; 9R = 3.3 kOhm, 9 W; JSD and 65D — 
Silicon breakdown diodes [-809; 45D, 5SD — silicon diodes []-204; 2GD — germanium 
diode 7-2K; 3SD — silicon breakdown diode 08411; 7Q and 2Q — germanium transistors 
-13;, VR — auxiliary telephone type relay PITH; wire IT9JI-0.12, 8000 turns 


Shown in Fig. 13-8 is the circuit of a voltage relay based on this principle 
with an increased reset-to-pickup ratio. This circuit was developed with the 
use of transistors by K.A. Brinkis for the Latvian power System. . 


The voltage measurements are taken at the secondary side of. the’ input voltage trans- 
former with the aid of a measuring bridge. One arm of the. bridge includes three silicon break- 
down diodes 6SD (type J[-809) and diode 5SD (type hee) woleh keep the arm voltage 
cone when the voltage applied to the primary terminals of the input transformer exceeds 

volts. 


25* 
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- The. resistors 6R, 7R, 8R and 9R in the bridge arms and: the tap from resistor 7R are 
selected so that the voltage drop across resistor 4R is equal (somewhat less than) to 9 volts 
when the voltage applied to the primary winding of the transformer 7;, does not exceed 
the operating voltage (setting). In this case, the voltage across the silicon breakdown diode 
ISD (type J{-809) is less than the reference voltage and it is cut off (the reference voltage 
of this breakdown diode is 9 volts). The difference between the applied voltage and the refer- 
ence voltage serves as the control voltage for an amplifier utilizing a flip-flop circuit includ- 
ing transistors 7Q and 2Q. The control voltage U,» is applied to the input of transistor 7Q. 
The amplifier is supplied from the node points c and d of the circuit. The voltage U.g is taken 
from a potentiometer consisting of resistor ZR, silicon breakdown diode 3SD and silicon 
diode 45D. The potentiometer is supplied through a rectifying bridge from the secondary 
winding of transformer Tin. The potential distribution among the node points of the poten- 
tiometer is shown’in Fig. 13-8. `` , 

The breakdown diode 35D maintains a constant voltage between the collector and emit- 
ter of transistor 2Q equal to 10.5 volts. The potential at point c (—11.2 V) is lower than that 
at point a (—9.0 V), for which reason the current flow is from point a to point c through 
resistors ZR (110 kOhms) and 5R (470 kOhms). The base potential of the transistor ZQ (point a) 
appears lower than the emitter potential of this transistor (point b) and thus the transistor 
is conducting a current i = ign + iR. 

Carried by the collector of transistor ZQ is the current ign . The potential at point e 
is higher than the potential at point f. The transistor 2Q ìs nonconducting and its emitter-to- 
collector resistance is high. The resistors 2R and R are selected so that the relay VR does 
not operate under these conditions. If the voltage drop across the resistor 4R becomes greater 
than 9 V, which is the case when the voltage applied to the primary terminals of the trans- 
former 7;, is greater than the operating setting, the current in the breakdown diode 7SD 
starts to flow towards point 4. This raises the potential at point a. The transistor 7Q ceases 
to be conducting, the potential at point e becomes less than the potential at point f and the 
transistor 2Q starts to conduct. The result is an increase in the potential at point g; this 
decreases the current i;r flowing in the resistor 5R and adds more to the potential at point 
a, i.e., decreases the current which makes the transistor 7Q conduct. 

The use of resistor 5R ensures a positive feedback, causing the amplifier to operate 
like a relay (in steps). In this operation the transistor 2Q becomes fully conductive and 
causes the relay VR to operate through the emitter-collector circuit of transistor 20. If 
after the above-described relay operation the input voltage of the transformer Tin decreases 
below the setting, the operation of the circuit is the reverse, i.e., the transistor 2Q becomes 
cut off, the relay VR resets, and the transistor 7Q starts to conduct. 

The secondary voltages of the input transformer are rectified by the full-wave rectifiers 
connected each into one of the secondary windings of the transformer 7;,. Capacitors 7C 
and 2C smooth down the rectified voltage and filter away the a.c. component. The ambient 
temperature effect on the operation of the relay is reduced as follows. 

The diode 5SD in the arm of the measuring bridge is connected in opposition to the 
breakdown diodes 6SD. With an increase in the ambient temperature, the reference voltage 
of the breakdown diodes 6SD rises, while the voltage across the opposing diode 5SD lowers, 
which partially compensates for the change in the temperature. Partial temperature 
compensation is achieved similarly when the diode 45D and the breakdown diode 35D 
are in opposition. 

The temperature compensation of the emitter-base circuit of the transistor 7Q is part- 
ially effected through connecting the diode 25D in the forward direction. Simultaneously, 
this diode prevents a heavy positive input signal of, the measuring bridge from coming 
to point b of the amplifier, 


A voltage relay having a reset-to-pickup ratio equal to unity may be reali- 
zed through the use of tunnel diodes in a way similar to the sensing element 
of the voltage regulator changing the transformation ratio of the step-down 
transformers [?-*], Since the operating time of the overvoltage automatic devi- 
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ces exceeds one cycle, each instant the current (voltage) passes the zero point 
the tunnel diode stops conducting, this ensures the reset-to-pickup ratio of the 
device to be equal to unity. This circuit of a transistorized relay is more per- 
fect than the variant described above. | 
Often used in the overvoltage automatic protection controls is a voltage 
relay, type PH-58, having k, eset = 0.953-. The circuit of this relay is shown 
in Fig. 13-9. The sensing element R is in the form 
of a moving iron relay having k esee = 0.8. The j 
increase in &,eset is due to the fact that connected | 
in series with the coil of relay R are the break- 
down diodes Bd forming the reference voltage. | 
The purpose of the rectifier Re is to rectify the | 
voltage being taken for measurement from the | 
secondary winding of the intervening transformer | 
T. The pickup settings are controlled by the poten- | 
tiometer r; and by tapping the winding of the | 
intervening transformer. The control range is | 
| 
| 
| 
| 
| 
l 
| 
| 
l 
| 
| 
l 


from 50 to 100 volts. The operating time of the 
overvoltage relay ranges from 0.1 to 0.15 s. 


13-4. Conclusions 


1. The construction of 'a.c. high-tension 
(750 kV, and more) power transmission lines over 
long distances and their possible one-end dis- 
connections require automatic controls to eli- 
minate prolonged overvoltages dangerous to the 
basic equipment of the substations. 

2. These overvoltages are eliminated either 
by tripping the three phases of the transmission Fig. 13-9. Circuit of voltage 
line from the side of the substation, to which the relay, type PH-58 
line remains connected after its opening at the 
opposite end, or by engaging a reactor at the substation. A reserve measure 
is to disconnect the equipment. 

3. The detecting elements of the automatic devices responding to overvol- 
tages must possess a high reset-to-pickup ratio. Methods are developed which 
make it possible to obtain 0.95 to0 999 reset-to-pickup ratios. The use of tunnel 
diodes makes it possible to have kyese: = 1. 

4. To obtain selective operation of the overvoltage automatic protection 
controls, a step method of time delay selection combined with the use of a reac- 
tive power flow relay is used. This relay is a sine-type power relay. 

5. An increase in the sensitivity of the overvoltage relay may be obtained 
by connecting the relay to the voltage at the openend of the transmission line. The 
opposite end of the line is disconnected with the aid of a remote-tripping device. 

Another possibility is the use of a phantcm circuit, i.e., the substation 
busbar voltage compensated for by the voltage drop, due to the current in the 
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line disconnected at the opposite end, is applied to the measuriug element of 
the automatic device. 


13-5. Review Questions 


1. What is the purpose of the automatic overvoltage protection? 

2. What are the methods of making the automatic overvoltage protection controls 
operate selectively on long power transmission lines? 

3. What are the causes of overvoltages at substations from which long power transmis- 
sion lines are run? 

. 4. What is the purpose of bypassing reactors? How do the automatic devices connecting 
the reactors operate when the voltage increases? 

: 5. What are equivalent circuits of long power transmission lines with distributed cons- 
tants? What is the possibility of taking voltage measurements at the open end of the line 
with the use of a phantom circuit (by the compensation method)? 

' 6, A 500-kV, 400-km power transmission line is connected to the busbars of a substation. 
When the line is disconnected at the opposite end, the reactance measured at these busbars 
is equal to 2 Ohms in one instance and to 20 Ohms in another instance. In which instance 
will the busbar voltage of the substation be greater? 

' 7. A 500-kV substation is linked to various parts of the power system by three power 
transmission lines, 350, 250 add 300 km long. How can automatic overvoltage protection 

‘which permits the line tripping at the opposite end be realized at this substation? 
8. What are the methods of obtaining a higher keset value for the detecting element 
used in the automatic overvoltage protection controls? How can one obtain keset = 1? 

__ 9. In the presence of bypassing reactors what is the cause of possible dangerous over- 
ye eee on a phase of a three-phase long extended power transmission line disconnected at 

oth ends 

_ 10. Silicon breakdown diodes are connected in series with the coil of an overvoltage 
relay. The breakdown diodes and the coil are opposite-connected. Explain the thought behind 
such connection. i 

Solution. For silicon breakdown diodes, the volt-ampere characteristic has the form 
shown in Fig. 13-10. If a reverse voltage is applied to a silicon breakdown diode, then up 


mA Ttor 





Fig. 13-10. Volt-ampere characteristic of breakdown diode 


to a certain value of the reverse voltage the current will not increase and it suddenly rises 
when it reaches a certain (reference) value, the diode voltage, however, remaining constant. 
In contrast to ordinary type diodes, the sudden increase in the current due to the application 
of a reverse voltage causes no nonreversible breakdown or damage to the silicon breakdown 
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diodes. When the voltage imposed upon a silicon breakdown diode decreases, its resistance 
recovers and the diode attains the rectifier properties. These properties of silicon diodes, 
when connected in opposition, make it possible for a constant a.c. voltage to be sustained 
across the terminals of a diode stack. At one polarity of the a.c. sine curve the voltage is 
sustained constant by the breakdown diodes connected in one direction and at the other 
polarity, by the breakdown diodes connected in the other direction. A sharp change in the 
resistance of the breakdown diodes, when the applied voltage is changed, promotes accurate 
functioning of the output element and eliminates vibration of its contacts (when the reverse 
voltage drops below the reference value, the resistance sharply increases and the current 
in the circuit under control decreases). 

11. What must be the ratio between the values of the reference voltage across a break- 
down diode stack of two silicon diodes connected in the forward and reverse directions and 
the operating voltage of the relay R with its coil connected in series with the mentioned 
breakdown diodes (Fig. 13-9) in order to make the reset-to-pickup ratio (kpeset. a) equal 0.95. 
The reference voltage of each of the silicon diodes is —12 volts (Fig. 43-9). The reset-to- 
pickup ratio of relay R (k eset.) is 0.8. 

Solution. The operating voltage of the overvotage protection automatic control 


Uop. d= Uref +Uop. r 


where U,,; = reference voltage across the breakdown diode stack of two silicon diodes 
. which equals 2-12 = 24 volts 
Uop.r = operating (pickup) voltage of relay R 
The reset voltage of the automatic overvoltage protection control 


Ureset. d = Urey + U reset. r 


where U peset.r = reset voltage of relay R. 
The reset-to-pickup ratio of the automatic control 


esses a= Ureset.d =, Urep tU reset. 
`. U pichup.d Urej tU pickup. r 


hence 
Uref 
k ' 
k e. U pickup. r F kreset.r S. a+ kreset.r 
reset. d= = Wat aie = = ~ ati 
Tet i : 
U pichup.r 


Kreset.q is assumed to be equal to 0.95, hence 


0 g5 — ZF kreset.r 
i at 4 


If kreset.r = 0.8 then 0.95a+0.95=a+0.8, i.e., 0.145=0.05a, a=3 


Since Urep = 24 volts,then Upichup.r = 8 volts. 

As mentioned previously in (13-4) the setting of the automatic device is controlled by 
the potentiometer r} and not by changing the pickup setting of relay R, as it may at first 
appear without analysis of the circuit operation. 

Another method to determine k eset of the automatic device may proceed from the fol- 
lowing prerequisites. Assume that the k,,,,; value of relay R is low, say, 0.2. This, however, 
does not reduce the k eset value of the automatic device, if the breakdown diode is cut off 
when its terminal voltage falls to the value U;n. a = 0.95 U,e¢ (at 11.5 volts). 

The instant the silicon diode is cut off, its resistance sharply rises and the current carried 
by the diode and the coil of relay R connected in series with it suddenly decreases. The result 
is the relay R resets, i.e., the armature of the movable electromagnet drops out. 

12, Is it possible to use a PH-58 relay for undervoltage protection? 


Chapter Fourteen 


AUTOMATIC RECORDING OF ELECTRICAL VARIABLES 
IN DISTURBANCES 


14-1. General 


For successful operation of a power system it is essential for the load dispat- 
cher to know the load of the tie links and the switching conditions of indivi- 
dual links involved in the generation and distribution of electric power. For 
this purpose, use is made of remote-control apparatus and an assemblage 
of information machines. Such devices, however, are relatively slow in ope- 
ration and do not give adequate analyses of the electrical processes taking 
place at fault origination and during short circuits. These processes are decisive 
in analysis of the power system operation under emergency and after-fault 
conditions and in estimation of operation of the protective relaying and auto- 
matic devices. 

From the nature of changes in the currents and voltages before the fault, 
during the fault and after the fault, it is also possible to examine the stability 
of parallel operation, type of short circuit, sequence of tripping or closing 
individual terminations and determine the fault distance. The latter is very 
important to organize rapid repair work on long lines [14-1 1-21, 

Automatic oscillographs are available from the industry with or without 
before-fault recording and recording instruments using an accelerated paper 
feed during disturbances. 

Many power systems are furnished with ammeters and voltmeters fixing 
the starting electrical magnitudes in short circuits. 

From these instruments and calculations the load dispatcher determines 
the fault distance along the transmission line. 

The model H-14 automatic oscillographs are widely used with the records 
being made on camera film (cinema film). Eight measuring loops may be used 
simultaneously to record the various electrical quantities. This oscillograph 
model has two disadvantages: the need to develop the film and it is sometimes 
necessary to enlarge the oscillograms. To save film, special devices designed 
for automatic starting operate the oscillograph for short periods (0.1 to 0.15 s) 
in the case of short-time disturbances or for longer periods (0.5 to 10 s) when 
the abnormal operation is more prolonged. 

The oscillograph, model H-13, makes the oscillograms directly on a paper 
photographic tape giving also the date and time of the disturbances. Up to 
12 electrical signals may be recorded simultaneously. 
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The automatic fault-recording oscillograph, model HO22, continuously 
records a process on a magnetic drum. Under normal operating conditions 
the record is subsequently erased. If a fault occurs before the erasing operation, 
a camera records the processes taking place prior to the fault, during the fault 
and after the fault. The complete revolution time of the drum is about 0.3 s. 
No speed of response requirements are placed on the triggering device of the 
oscillograph (which is the case with the starting devices of H-11 and H-13 
oscillographs). The HO22 oscillograph has 12 channels to record electrical 
quantities on a camera film{+~5J, 

Electrical process records made by the instruments can be seen from Fig. 6-4. 
Figures 6-1a and b illustrate records of changes in the frequency, made by 
a recording frequency meter operating without accelerating the paper tape 
feed. Figure 6-íc shows similar recording with the tape feed accelerated. 

Electrical process records made by oscillographs are shown in Fig. 414-1. 
The oscillograms shown were taken when determining the steady-state stability 
limits, by gradually increasing the real power flow, on the 400-kW single- 
circuit transmission line run from the Volga Hydroelectric Power Station to 
Moscow. 


Oscillogram interpretation. Before tke synchronism was disturbed, tke voltage at the 
beginning and end of the power transmission line gradually decreased and the angle between 
the emf of the station generators and the receiving system increased. The current flow in 
the line was also growing. Within the angle zone ĉja = 180-360 degrees, the sign of the 
real power carried by the power transmission line reverses and this change accounts for 
the braking of the receiving system generators and the sudden acceleration of tke station 
generators. Thus the current and voltage heat frequency increases. If during the first period 
the generators fall out of step the swing cycle was 2 s, the subsequent cycle period falls to 
0.12-0.1 s. Under the action of the turbine speed governors the accelerated hydroelectric 
generators of the station were gradually slowing, while the generators of the receiving system 
were gaining speed (on the expense of reserve power); the oscillation cycle of the current, 
voltage and power was increasing. With each revolution of the emf vectors the generators 
of the Volga Hydroelectric Power Station and the receiving system first underwent an increase 
in the power, and then a decrease. 

To facilitate resynchronization, during the Volga Station experiment six generators 
of the eight working into the power transmission line were manually disconnected, this caused 
a decrease in the equalizing current amplitude and power surges. The two generators in oper- 
ation resynchronized at the 19th second from the beginning of the experiment. The resyn- 
chronization moment is indicated by a saddle on the real power flow oscillogram. The saddle 
shape curve is due to the fact that during resynchronization the angle ô; starts decreasing 
and oscillates about a setup value (without reaching 180 degrees) becoming either positive 
or negative relative to it, at an ever decreasing amplitude. Thus, synchronous swings appear, 
decaying in time. In the experiment, they disappeared in 8 seconds (at the 27th second from 
the start of the experiment). 

Shown in Fig. 14-1d is a stator current oscillogram of a synchronous capacitor installed 
at the receiving substation of the power system. During the experiments, this synhronous 
capacitor was pulled out of synchronism both with respect to the generators of the Volga 
Hydroelectric Power Station and the generators of the receiving system. The synchronous 
capacitor resynchronized after the power transmission current swings had decayed (at the 
27th second from the beginning of the experiment). After self-synchronization the half- 
cycle duration of the stator current swings was 6 seconds (from the 19th to the 25th second) 
and 2 seconds (from the 25th to the 27th second). 
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14-2. Automatic Starting Devices for Oscillographs 


The operating principle of a starting device can be understood from Fig. 14-2. 

The starting device is activated at asymmetric short circuits by a backward- 
sequence current or voltage relay (J, or U,), and during symmetric short cir- 
cuits and swings (or asynchronous operation) an undervoltage relay VR is 
used. This relay also functions at phase-to-phase short circuits on those phases 
to which it is connected. 
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Fig. 14-2. Schematic diagram of device for oscillograph automatic starting (the 
circuits from the contacts of relays 2A R, 8A R, and £AR to close the electromag- 
nets of couplings and shut-off devices and to connect vibrators are not shown) 


In short-time abnormal operations, as during the operation of lightning 
arrestors, the coil circuits of auxiliary relays JAR, 2AR, 8AR and 4AR are 
closed for a short time. The relay 7AR is used as an auxiliary unit to close 
the relays SATR and SATR (by the contacts JAR-1 and 1AR-2). The other 
relays are used to engage the electromagnets of the oscillograph couplings and 
shut-off devices and to connect the vibrators to the circuits of the magnitudes 
being recorded or control lighting circuits used in the photographing. 

At disturbances lasting more than 0.1-0.15 s, the contacts JATR-1 close 
to make the relays ZAR through 4AR lock themselves, even if the relay J,/U, 
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or VR has reset. The oscillograph is actuated until the operating time of relay 
6TR is over. The coil circuit of this relay is closed by the contact 5AT R-2 
in order to ensure recording of the after-fault operation. The time setting of 
relay GTR may be adjusted within the range of 0.5 to 10 s. The relays JAR 
through ZAR reset because their coils are bypassed by the contact 67R-1. 

‘ However, if due to blown fuses the contacts of relay VR or U, remain 
closed longer than the time setting of relay 6T R, the oscillograph will not be 
switched on repeatedly, for the coil of relay 
SATR and hence the coil of relay 67R will 
be energized. 

Thus, the device saves recording paper. 

In order to orient each oscillograph 
starting, time provision is made for photo- 
graphing a clock dial. With H-11 oscillo- 
graphs, the clock is fitted above the instru- 
ment casing. The clock pictures are taken 
at the end of each starting. The camera 
attachment includes two relays SATR and 
9ATR with reset delay, two illumination 
lamps L, and L, and a shutter controlled 
by electromagnetic shut-off devices ESD 
which, when engaged, open the camera slot 
under the clock dial. 

When the oscillograph is started and 
relay JAR functions, contact 1A R-2 closes , i . 
relay SATR. Its contact 8A7R-I makes Me a des eo. 
the coil circuit of relay 9JATR, while its 
contact 8ATR-2 opens the circuit of the 
electromagnets of the shut-off device used in the camera attachment. The contact 
9AT R-1 feeds the operating current to the camera attachment and turns on 
the illumination lamps. 

After the oscillograph has started and relay JAR reset, the coil circuit 
of relay SATR opens and 0.1 to 0.15 s later this relay opens the coil circuit of 
relay JATR and closes the electromagnete circuit of the camera shut-off device. 
Since the drop-out time of the 9ATR armature is 0.1 to 0.15 s, the camera 
shutter will open for this time with the illumination lamps lit up to take the 
picture of the clock dial. After this time, the armature of relay 9ATR drops 
out, the shutter closes and the camera attachment returns to the initial position. 
Thus, the device is ready for the next operation. 

Operation of the oscillograph starting device is indicated by signalling 
relay 7SR (prolonged start signalling) and JOSR (short-time and prolonged 
start signalling). For the external view of the H-11 oscillograph with a camera 
attachment see Fig. 14-3. 

Available from the industry is the YIIO-1 automatic starting device with 
auxiliaries intended for starting both the H-11 and H-13 oscillographs. 





398 CHAPTER FOURTEEN 


A backward-sequence voltage relay, zero-sequence voltage relay and inter- 
phase voltage relay serve as the elements responding to disturbances. All these 
relays are transistorized and possess a high reset-to-pickup ratiol™4-%], The 
operating circuit diagram of the YIIO-1 device is given in Fig. 14-4. Under 
normal conditions the device is supplied from a 110-220-V source of operating 
current. In this case, relay 2AR is excited and contact 2AR-1 is closed. All 
the other relays of the device are deenergized. 

When a fault occurs, relay ZAR closes and its contact 1A R-I1 opens the coil 
circuit of relay 24R. When the armature of relay 2AR drops out, the contact 
2AR-4 switches on the oscillograph motor (in a forcing manner) and the con- 
tacts 2A R-3 and 2AR-5 switch on the light to its full voltage. 

At the same time the contact 74A R-2 closes the relay-follower 3AR. The 
contact 3AR-3 closes the coil circuit of relay 44 7R which is delayed in pick-up 
and reset (for 55-60 ms). If the starting element operates for a short time (as the 
operation of a lightning arrester) and resets before the contact making time 
of relay 4ATR is complete, the circuit resets, the motor of the tape feed mecha- 
nism of the oscillograph stops and the supply to the illumination circuit ceases. 
Only a very small amount of photographic paper is consumed. If the starting 
is prolonged, the relay 4ATR has time to function, the contact 4AT R-I opens 
the coil circuit of relay 2AR and this relay will not be able to stop the recor- 
ding process until the end of recording cycle is reached. 

The contact 4A7R-2 holds the coil of relay 4A7R closed until the contacts 
2AR-2 break. The contact 4A7R-3 prepares the closure of relay ZTR. Through 
signalling relay ZSR the contact 4A T R-4 sends a start signal (OSCILLOGRAPH 
START). 

At the end of the faulty operation and the reset of relay ZAR, the contact 
IAR-2 opens the circuit of the 3A R coil. The contact 3A R-4 closes relay ZTR. 
Two to five seconds later, the sliding contact IT R-I makes and closes the coil 
of relay 5AR. The latter locks itself with the contacts 34A R-5 and 5AR-2 and 
its contact JAR-1 supplies power to the coil of relay 2AR. This relay functions 
and breaks the circuit of the oscillograph motor and illuminator. 

After the contact 3AR-3 breaks, the armature of relay 4A7R drops out 
with a 0.2-0.4 s delay. As a result, the circuit of the clock illuminator opens 
only after the mentioned time (by means of contact 4A T R-7). Thejdelay makes 
it possible to take the picture of the clock dial after the full stop of the tape 
feed mechanism motor. The photographing time is determined by the time 
of the stop contact 77R-2 and operation of relay 6AR: the contacts 64 R-1 
and 6AR-2 open the coil circuits of relays ITR and 5AR, respectively; the 
contact 6AR-3 completes the motor armature circuit for the time required 
to move the photographic tape with the clock picture (0.35 to 0.6 s). 

If another fault occurs before the device is reset relays ZAR and 8AR refunc- 
tion. Contact 3AR-4 opens the coil circuit of time relay ZTR and it resets. 
The oscillograph stops operating only after the time relay ZTR closes its final 
contact. When the contacts of the starting relays are closed for a long time 
(a blown fuse in the secondary circuit of the voltage transformer) the time relay 
ITR will not repeat its operation. In this instance, the time relay 2T R, having 
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Fig. 14-4. Operating circuits of starting device for oscillographs, type YIIO-1 
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a pickup time greater than that of relay ZTR, functions after the operation 
of relay 3AR and closure of its 3A R-6 contact. After closing the contact 2RT-2, 
the relay 7AR functions. The contact 7AR-/ closes the relay 2AR to make 
the circuits for a prolonged closure of the relay ZTR to enable the record to 
be completed. 


14-3. Devices for Recording Electrical 
Variables with Automatic Acceleration 
of Recording Speeds During Disturbances 


We now consider the recorders, models H-385, H-388 and P-335, with 
accelerated paper speeds during faults which are used in a number of Soviet 
power systems. The H-385 instrument is an ammeter or voltmeter which records 
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Fig. 14-5. Connection of tape-drive mechanism of recording instruments with 
accelerated recording speeds during faults 


SM — synchronous motor; TDM — coil of electromagnet of tape-drive mechanism; Vib — 
coil of vibrator electromagnet; R, — series resistor; SR — contact of starting relay which 


changes over the instrument to accelerated recording speed during fault; 1AR, 2AR — 
auxiliary relays 


the variables under measurement at a paper speed of 60 mm/h under normal 
operating conditions and at an accelerated paper speed of 3600 mm/h under 
emergency conditions. The H-388 recording frequency meter has the same 
paper feed parameters. The P-335 tape-drive mechanism feeds the tape in 
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pulses. Under normal operating conditions a synchronous motor SM forms 
180 pulses per hour, whose contact SM-J alternately closes the coil of the tape- 
drive mechanism electromagnet (Fig. 14-5) [4-4], 

When recording the faulty operation, after the action of the starting relay S R, 

the auxiliary relay ZAR functions and its contact JAR-1 opens the circuit 
of the tape-drive mechanism controlled by the SM-1 contact and its other 
contact 1AR-2 closes the circuit of the electromagnet coil of the vibrator. 
When the vibrator operates, the contact Vib-1 opens and the contact Vib-2 closes. 
The last to close is the auxiliary relay 2AR. 
The circuit of the tape-drive mechanism is 
completed by the contact 2A R-1 oscillating 
in time with the vibrator (30 pulses per 
second). 

The paper moves 0.33 mm per pulse. The 
pulse motor is supplied from a d.c. 48-, 110- 
or 220-V source. The SM synchronous motor 
operates from an a.c. 220-V source. 

Each operation of the starting device, 7 
which transfers the tape-drive mechanism 
to accelerated operation, results in operation 
of the release gear and action of the paper- 
advance mechanism for 24 s (time relay 
TR and auxiliary relay ZAR are shown 
conventionally in Fig. 14-5 as the release Fig. 14-6. Recorder with accelerated 
gear. Relay ZAR locks itself till the contact indication recording during faults 
JT R-2 closes). 1 — metae oeng — in ell ees 

Another instrument model with accele- T EEEE cae 
rated recording speeds assures the emer- 
gency transfer to accelerated recording by deenergizing the electromagnetic 
coupling which is forced back by a spring and changes the gear ratio between 
the shafts of the synchronous motor and the tape-drive mechanism. The accele- 
rated drive of the tape continues 12 s. If, after the 10th second, the starting 
relay repeats its operation, a repeated accelerated drive of the tape continues 
for other 12 seconds and so on. Available in this mode of operation are amme- 
ters and voltmeters, model H-32, frequency meters, model H-33, and a trans- 
ducer to supply the motor of the tape-drive mechanism P-344. The instruments 
are furnished with a marker which indicates the moment of transfer to the 
accelerated recording. The marker is an electromagnet whose armature carries 
the holder of a “pen” in the form of a capillary glass tube which is coupled with 
an ink well through a rubber tube. Under normal operating conditions the 
marker armature is attracted and the pen draws the starting line. In the trans- 
fer to the accelerated recording, the electromagnet circuit is deenergized and 
the pen draws a line lagging the starting one by 1.5 to 2 mm. 

The instrument indications are recorded on chart paper (Fig. 14-6) by means 
of a recording device which is a metallic tube, one end of which is dipped into 













» 


li 
Š g Ppa pep 
20 


5 


TE 
| 


E 





Z 





l2 N 


i MNI 
i N 





iff A / 
a a Ee 
= aay, 





26—01513 





(<) 


Fig. 14-7. Measuring system of instruments with accelerated recording of indi- 
cations during faults 
(a) voltmeter; (b) ammeter; (c) frequency meter, 45-55 Hz 
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an ink well. The other end has a glass capillary contacting the moving paper. 
A pointer is attached to the tube of the recording device. 

Both, under normal and emergency operating conditions the power supply 
to the synchronous motor driving the chart paper is from a transducer prodv-' 
cing a.c. power at 50 + 0.5 Hz. Under normal operating conditions the trans- 
ducer is connected to an a.c. line; under emergency conditions it is automati-; 
cally transferred to the voltage of an auxiliary d.c. power source. The trans- 
ducer employs semiconductor devices and is intended to supply power to four 
recording instruments. 

Used as measuring elements are devices with moving frames connected 
to the rectified current (ratiometers). Shown in Fig. 14-7 is an ammeter circuit 
(a), a voltmeter circuit (b) and a frequency meter circuit (e). 


14-4. Automatic Oscillographs 


Let the operating principle of modern type automatic oscillographs be 
illustrated on an example of an automatic light-beam 12-channel oscillograph, 
model H-13, and an automatic mag- 
netic oscillograph, model HO22. 

(a) Osecillograph H-43. In this in- 
strument the recording (oscillogram 
photographing) is made directly on 
sensitized paper tape 35, 60, 100 and 
120 mm wide. The number of channels 
is 12. The tape-drive speed is 200 and 
400 mm/s. After the faulty operation 
is recorded, the clock dial is photo- 
graphed. The clock has three hands 
one of which indicates the day of the 
week and the others the time of day. 
The clock is wound up weekly. For the 
external view of the oscillograph and 
its optical system see Figs 14-8 and 
14-9. 

After the action of the starting 
device, the optical system of oscillo- 
graph 7 is forced into operation by 
a capacitor discharging to the lamp 
filament (Fig. 14-9a and b). Next, the Fig. 14-8. Automatic light-beam 12-channel 
tape-drive mechanism is actuated for oscillograph, model H-13 
the specified time. The light beam is 
pinpointed by lens 2 and directed to 
galvanometer mirror 5 by focusing lens 4. When reflected from the galvano- 
meter mirror, the beam enters lense 4 and strikes mirror 7 where it divides 
into two rays. One impinges on mirror 8 and reflects to screen 3, the other. 
passes through lens 72 onto photographic paper 74. 
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Mirror 6, made of two strips, regulates the galvanometer position in the 
vertical plane. As this mirror turns (Fig. 14-95), it reflects the split light beam 
to screen 3. With the galvanometer in the mean position, a straight line of 
light divided in the centre by a dark strip is seen on screen 3. 

The dial of clock 77 is illuminated by light source 9 controlled by the star- 
ting device. Being reflected from the clock face the light beam is re-reflected 





Fig. 14-9. Optical system of oscillograph, model 
H-13 


(a) working position; (b) adjusting position 


(a) 


by mirror 10 to lens /3 and into the photographic paper tape below the working 
slit of the holder. 

The oscillograph starting time from the instant of closing the starting 
relay contacts does not exceed 15 ms. The starting time is regulated by the 
setting of the starting relay after the faulty operation is recorded, the clock 
illumination is turned on for 1.5 s. The tape-drive mechanism operates for 
0.15-0.2 s more and the clock dial picture moves into the holder slit. 

Power is supplied to the oscillograph from a d.c. 110- or 220-V source 
through a special supply unit. When supplied from a 220-V source, the power 
consumption does not exceed 400 W. Dimensions are 500 x 305 x 280 mm 
for the oscillograph, 1145 x 250 x 390 mm for the supply unit and 90 X 
x 330 xX 485 mm for the box of shunts and series resistors. 

(b) Oscillograph HO22. The block diagram of the oscillograph HO22 is 
shown in Fig. 14-101014-3]. Through the box of shunts and series resistors 2 
electrical variables Z (current or voltage) are fed to magnetic retardation unit 3. 
When there is no fault on the objects under supervision, the record is conti- 
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nuously erased from the magnetic drum without a preliminary recording on 
the photographic film. Abnormal operation causes starting device 4 to function. 





Fig. 14-10. Block diagram of oscillograph, model H022 


1 — variable to be recorded; 2 — shunt and resistor box; 3 — magnetic retardation unit; 
4 — starting device; 5 — \light-beam recording unit; 6 — adjustment signalling and 
automatic control unit; 7 — power unit 


Prior to the erasing process, the film recording equipment is switched on by 
light-beam recording unit 5. The electromagnetic signals of the magnetic 
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Fig. 14-44. Block diagram of magnetic recording channel 


M — modulator; A — amplifier of recording current; LPF — low-pass filter; DM — 
demodulator A L — amplifier-limiter; 1 — magnetic drum; 2 — recording head; 3 — erasing 
head; 4 — reproducing head; 5 — circuit to galvanometer : 


retardation unit are converted into light signals in the indication, signalling 
and automatic unit 6. The magnetic retardation and light-beam units are 
supplied from power unit 7. 
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' Figure 14-11 shows the block diagram of a magnetic recording channel 
which illustrates the operating principle. A variable (current or voltage signal) 
is fed to the input of modulator M in which the signal is converted into a series 
of rectangular pulses whose frequency depends on the value and polarity of the 
incoming signal. The signals are amplified by amplifier A and fed to recording 
head 2. Through the magnetic drum Z driven by electric motor M, as the drum 
completes its revolution, the recorded pulses are sent to reproducing head 4. 
As drum 7 rotates, the record is erased by the erasing head of a permanent 
magnet. Then the process repeats. 

The pulses recorded by reproducing head 4 are amplified by amplifier- 
limiter AL. Demodulator DM and low-pass filter LPF transform the pulses 
into a current which corresponds to the variable under measurement in shape 
and value. The output current of the LPF unit is fed to light-beam recording 
unit 5 (to the galvanometer loop). The process is photographed when the star- 
ting element of the oscillograph functions. 

The maximum permissible operating time of the starting element is deter- 
mined by the time taken by the magnetic recording drum to move from recor- 
ding head 2 to reproducing head 4. It is seen from the block diagram of the 
magnetic recording channel that when a fault occurs in the power system under 
supervision, the before-fault operation will be also recorded. 

The individual units of the oscillograph HO22 are designed with the use 
of electronic and semiconductor devices. Study of the operation of individual 
units needs special training and literature (for example, reference ['4-%)), 


14-5. Locating the Fault on Power Transmission 
Line from Fixing Instruments 


The*position of a fault on a power transmission line may be found when 
the currents and voltages at the line ends are known. Records made by auto- 
matic oscillographs may be used for the purpose. However, the recorded data 
takes relatively much analyzing time and does not allow the dispatcher to 
quickly dispatch a repair team to the place of fault. That is why instruments 
which directly indicate the short-circuit initial current and voltage against 
their scale are widely used. To prevent the d.c. component in the short-circuit 
current affecting the measurements, the readings are fixed 2 cycles of commer- 
cial frequency after the moment the fault occurred. The fixing instruments are 
installed everywhere with automatic oscillographs. Their use techniques are 
explained below!14-5], 

Let power system J be connected to power system JJ with power trans- 
mission line M-N (Fig. 14-12). An earth fault occurs at point SC at distances 
luse and lyse from the busbars of substations M and N, respectively. The zero- 
sequence impedance to point SC from the busbars of substation M is 


Sar 8 ZoMsc = l mscZo (14-1) 
and from the busbars of substation N 
Zonse=lyesZo ` (14-2) 
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where z, is the zero-sequence impedance of a power transmission line, 1 km 
long. 
The zero-sequence impedance of power system J is equal to Zom, with refe- 
rence to the busbars of substation M, and that of power system JI equals z,y, 
when corrected to the busbars of substation N. 





Fig. 14-42. Distribution of zero-sequence voltage along single power trans- 
mission line during one-phase short circuit (R;9 — transient resistance of zero- 
sequence) 


Let the zero-sequence currents flowing to the earth fault from substation M 
be marked J msc and those from substation N, Ig ysc, then with emf’s Er and Fy; 
similar in direction and value, we have 


Tomse _ Z0Nse + ZoN ‘ 
Tonse  Zomse + 70M (14 3) 
Since 
Zomsc + Zonsc = Zomn (14-4) 
while 


Zomsc = Zolutsc = Zab x 


and (14-5) 
Zonse = Zo (L — lx) 


then 
Tose _ 20 (L—!x) +20n 
fonse Zolæ + Zom (ee) 
After denoting 
nase Tomse = 
ae Ton se (14 1) 
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and replacing the complex value of impedances with their absolute magnitudes, 
we may approximately write 
ApZol x + AoZom = Zol — Zolx + Zon 
lxZo (Œo + 1) = (Zon — Zom 0) + ZoL 
hence 
__ (zon — %o20m) + zoŁ 7 
h= 0 (oF) (es) 


where 1, = distance from the busbars of substation M to earth fault SC 
L = length of the power transmission line between substations M 
and N 
Z) = zero-sequence impedance of 1 km of power transmission line 

It follows from (14-3) that the transient resistance Ro need not be known 
in order to determine the distance to the earth fault by (14-8), but it is neces- 
sary to preliminary calculate the zoy and Zọy impedances and determine the 
value of a, against the scale readings of the measuring instruments. 

To ease the work of load dispatching personnel, the values of zx, and Zon 
are calculated earlier for various operating conditions with reference to the 
different substations of the tie link. It follows from (14-8) that in order to 
determine l, the length L of the M to N section should be known. 

The fault point may be also found from the readings of the instrument mea- 
suring the zero-sequence voltage across the busbars of substations M and N. 


From Fig. 14-12 it follows that 


Vose < Zom + ZoMse 


Uom Zom 
and (14-9) 
Uosc _ ZoN T 20Nse 
Uon ZoN 
or 
By = Loe. — ZoN +20N sc , 20M_ (14-10) 


~ Uon 2Zom-+Zomse 20N 
Taking into account (14-5) and substituting the absolute values for the 
complex values of impedances, we have 
BoZon [Zom + Zolx] = Zom [Zon + Zo (L —Ix)] 
Zol (BoZon + Zom) = ZomZon (1 —Bo) + ZoZom L 
or 
— ZomZon (1—Bo)-+ ZozomL is 
a Zo (Bozon + Zom) ey) 
If the quantities Usm, Uon, Tomse and onse are measured, then the place 
of fault may be determined without the preliminary calculations of impedances 
Zom and Zoọy which are not constant and whose values greatly depend upon the 
operating conditions of power systems J and IT, 
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It follows from Fig. 14-12, that the zero-sequence voltage at the SC fault 
point 
U ose = Uom + TomselxZo = Don 25 I ÒNscZo (L TA lx) 
hence 
Zola (Lomse + Lonse) = (Uon — Uom) + Lonsc20L 
and 
_ (Uon —Uom) + 1oNsczoL S 
l= zo (Lomse+ Lonse) oe 12) 


Expressions (14-8), (14-11) and (14-12) are suitable for locating the place 
of fault on single power transmission lines. When a parallel line is present, 
use may be made of (14-12) if the mutual inductance effect is included into 
the zero-sequence impedance and the circuit of the parallel lines is converted 
into an equivalent star circuit [14-6]. In such instances, it is more simple to 
determine the zero-sequence current and voltage in order to locate the place 
of fault by a relation similar to (14-12), Fig. 14-13. 

To help the load dispatching personnel, sometimes special nomograms are 
used, these speed up the fault location calculations. The principle of the nomo- 
gram construction for instances when the power transmission line is furnished 
at the ends with fixing ammeters connected to the zero-sequence current is 
now explained. 

When an earth fault occurs on one or two phases, we can write in compliance 
with Figs 14-12 and 14-14 that 


Tose = Lo Mae t+ Lonsc (14-13) 
and 
IoMse Zoly + 20Nn a 
Ionse  Zolx + Zom (14-14) 
Let expression (14-14) be transformed as follows 
Tomset+Tonse _ Zoly +Zon + Zole -+ Zom 





IoNse E Zolx + Zom 
or 
Tose _ 2om+2Zon+20L Zo(I-1D 14-15 
IoNse Zolx + Zom Zol + Zom ( ) 
Let 
E = lon se =) 3lonsc (14-16) 


Iose ~ Blomse +3/on se 
Expression (14-15) with account of (14-16) may be presented as 
= 20 20M 2 
&= nam "t ab (an 
The distance to the place of fault (to point SC) from substation M (kilome- 
ters) 








Lest ao 2 20M (14-18) 


Zo Zo 


Zoomy 7 Zimy = 2,4 





Fig. 14-13. Distribution of backward-sequence voltage during asymmetric 
short circuit (shown in broken line is equivalent circuit for converting delta 
connection into star connection 


_ Z2Mse . Z2N sc 


z = ZaMsc22N sc 
2MP = —~p 4 Vonp = 


Z2MN + ZaMse + ZaMse 








and Z2 psc = 


29 (7-1) 





(8) 

Fig. 14-14. Nomogram for locating earth fault by meanso data obtained by 
simultaneously measuring 37, currents from both ends of the power transmis- 
sion line 
(a) explanatory diagram; (b) nomogram 
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Equating in (14-18) first the value of &, and then the value of J, to zero, 
it becomes easy to determine the variables a and b for constructing the nomogram 
{Fig. 14-14b). In the above expressions, the mutual zero-sequence impedance 
Zy-11 between the neutral points of power systems J and JJ must be given 
in ohms. 

The relationship lą = f (&,) is a rectilinear one. 

The ratios Zo(q-31)/Z) and Zom/Zo vary with the operating conditions of the 
power systems, but in each case the variations are quite definite and the load 
dispatcher has no difficulty in determining distance J, when he knows the 
before-fault condition (the circuit configuration) and receives reports from 
the duty personnel at substations M and N. 

When the backward-sequence currents are fixed the nomogram has a form 
similar to those shown in Fig. 14-143, and the calculating expression is similar 
to (14-18) but with the replacement of the zero-sequence variables with back- 
ward-sequence variables. 

When the service is supervised by a load dispatcher, he must know the 
types of the instruments installed at the substations, the electrical variables 
the instruments respond to, and how to perform the calculations. It is impor- 
tant that the substation and power station operators read correctly and report 
the currents and voltages registered by the fixing instruments to the load dis- 
patcher and reset the fixing instruments before the power transmission line 
is reenergized. 

Since load control departments are now being equipped with electronic 
computers, the further development of fixing instruments must be combined 
with the use of computers, i.e., the fixing instrument readings must be telecom- 
municated to the computing centre so that the machines “memory” is utilized 
for entry of data characterizing the before-fault operation (for example, the 
zero- and backward-sequence impedances with reference to the busbars of 
substations M and N) into the programming expression. 


14-6. Fixing Instruments 


A number of power systems have developed fixing instruments of different 
types. Basically there are two different types. In the first the instrument 
readings are fixed by the pointer being pressed down. The pressing device 
operates soon after the occurrence of a short circuit so that enough time for 
the damping of the pointer and decaying of the d.c. component of the short- 
circuit current is provided. In the second type a capacitor is charged a short 
time after the occurrence of a short-circuit (0.06 to 0.4 s) in proportion to the 
current or voltage under measurement. The capacitor then discharges into 
an indicator whose reading is thus governed by the value of the current or 
voltage being measured. 

A fixing ammeter is shown in Fig. 14-15. When a one-phase short circuit 
occurs, a current appears in the instrument and makes a starting relay (Fig.14-16) 
function. Then, the ZATR relay having the operating time of 0.07 s closes. 
The relay holds itself closed by its contact ZATR-1 and its contact JATR-2 
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closes auxiliary relay 2AR which presses down the pointer. A signal is given 
by contact JATR-8. Resistor IR is placed into the 3/, current circuit. The 
voltage drop across this resistor is proportional to the J, current. This is mea- 
sured by the indicator. The supply to the indicator loop is from the circuit 
shown in Fig. 14-16) which incorporates a 600-uF capacitor bypassing the 





Fig. 14-15. Fixing ammeter, model MA-3 


loop. This measure along with an increase in the return spring torque ensures 
the dead-beat movement of the pointer. The device is reset by operating push- 
button B (Fig. 14-16a). 

Instead of instruments with a locking pointer mechanism sometimes a mil- 
licoulometer is used. The latter has no reactionary torque and the pointer, 
possessing large overdamping, when once deflected through some angle, remains 
in this position until acted upon by another return pulse. 

For the connection diagram see Fig. 14-17. 

The moment a short circuit occurs, the current relay CR functions and its 
contact CR-1 opens the secondary winding of the intervening current trans- 
former T to allow the capacitor C to charge. The contact CR-2 closes the auxi- 
liary relay ATR whose pickup is delayed for about 60 mc. The relay ATR 
by contact AT R-1 holds itself closed, contact AT R-2 completes the signalling 
circuit, while contacts AT R-8 and ATR-4 switch over the capacitor C from 
a rectifier to the millicoulometer. The instrument pointer deflection is pro- 
portional to the current in the circuit. 


From contact ot 
starting relay 





(2) (6) 


Fig. 14-16, Connection of fixing ammeter DA-3 


1ATR — auxiliary relay delayed in pickup for 0.07 s; 2AR — relay of pressing device; 

R — resistor (1R — bypassing adjusting resistor; 2R = 3 kOhm; 3R = 4 kOhm; 4R = 

= 25 kOhm; 5R = 300-600 Ohm; 6R = 25-50 Ohm; 7R=0-30 Ohm); C —capacitor, 600 uF; 
A — ammeter, range 0-100 uA, loop resistance of 650-800 Ohm; B — button 





Fig. 14-17. Connection of millicoulometer to fix the starting value of short- 
circuit current 
CR — current relay; R — series resistor (IR = 70 Ohm; 2R = 4000 Ohm; 3R = 60,000 
Ohm at operating voltage of 220 V). ATR — auxiliary relay delayed in pickup for 
60 ms; A —millicoulometer; C GAD ACIEO ES 20 uF; T — intervening transformer; 
B — button 
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After the instrument readings are recorded, the instrument is reset by 
pressing the push-button B, one contact of which opens the self-holding circuit. 
of relay ATR. The other two contacts of this relay switch over the measuring 


IAR-3 3AR-2 








Fig. 14-18. Automatic instrument for measuring voltage at fault 


(a) a.c.and rectified current voltage circuits; (b)d.c. circuits; 1 — filter of zero- or back- 

ward-sequence voltage; 2 — rectifier bridge; 3 — rectifier; IPR and 2PR — polarized 

relays; IAR through 5AR — auxiliary relays, TR — lime relays; “fault’”— contacts to 

indicate fault tripping of the line of given substation; R, and R; series resistors; C — ca- 
pacitor; B — button; L — pilot lamp 


instrument to the operating power source. This switching is performed at 
reverse polarity to set the pointer to zero. 

A voltage measurement circuit of a fixing instrument is shown in Fig. 14-18. 
When a short circuit occurs, the voltage developed across the zero- or back- 
ward-sequence filter appears at the input of the automatic instrument. The 
voltage is rectified and applied to the starting polarized relay ZPR which 
functions and completes the coil circuit of auxiliary relay JAR. 
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The relay ZAR holds itself closed by contact JAR-2. Its contact 1AR-2 
opens the circuit bypassing capacitor C, contact JAR-3 connects capacitor C 
to the charging circuit and contact 7A R-4 closes the coil circuit of relay 2AR 
which functions and contact 2A R-1 opens the capacitor charging circuit. Simul- 
taneously its contact 2A R-3 closes the time relay TR and its contact 2AR-4 
prepares the circuit for closing the relay 4AR. 

If the short circuit was on lines other than those run from the busbars of 
the given substation, the contacts “fault” remain open and the relay 4AR does 





0 0.2 0.4 0.6 0.8 s 


Fig. 14-19. Approximate characteristic of fault voltage measuring device 


not function. The automatic instrument is released after the operation of time 
relay TR and reset of relay ZAR. Capacitor C discharges. The contacts “fault” 
are actuated by the fault signalling device. 

After the contact 7 R-J has closed, the relay 8AR picks up through the 
circuit S-1—4A R-2—3AR. The contact 3AR-2 connects the capacitor so that 
it discharges through the coil of polarized relay 2PR and the contact 3AR-1 
closes the coil of auxiliary relay 5A R which functions and opens contact 5A R-1 
in the coil circuit of relay 4AR. The coil of relay 4AR, however, continues 
to carry the current until the contact of polarized relay 2PR-1 remains closed. 

After the capacitor C has discharged, the contact 2P R-1 opens the coil 
circuit of relay 44R, whose contacts open the coil circuit of relay 8AR and 
close the circuit formed by S-1, 4AR-1, 1PR-2, R, The coil of relay ZAR 
is bypassed and, as mentioned above, the automatic instrument is reset. 

To prevent repeated operation of the automatic instrument when the voltage 
circuits are at fault, the breaking contact 7RP-2 is inserted into the releasing 
circuit. 

The electrical timer is controlled by the breaking contacts of relays 4AR 
and 5AR (not shown in the figure). The operating time of the timer is depen- 
dent on the time during which the capacitor discharges into the polarized 
relay 2PR. This discharging time is proportional to the capacitor charge, i.e., to 
the value of the applied voltage. Therefore, the timer readings may be calib- 
rated in voltage units, this is shown in Fig. 14-19. 
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The operating principle of the commercially available fixing instruments 
(fixing pulse instrument, type @PUII-1) is illustrated in Fig. 14-20 11+-7,1%-8], 
The three basic units in the instrument are: the volatile memory unit VMU, 
the reading unit RU and the reproducing unit Rep. 
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Fig. 44-20. Diagram explaining operating principle of fixing instrument, 
model MII-4 
VMU —vojatile memory unit; RU — reading unit; Rep — reproducing unit; ty ATR-1 
is about 0.04 s; ty appro is about 0.09 s; tz ,7R_3 is about 0.1 s 


The volatile memory unit. The magnitude A being measured (for example, 
a voltage drop across a resistor R due to the zero-sequence current flow 3/,) 
through an intervening transformer 7 and rectifying bridge is fed to the ZATR 
programming device, 0.04 s later contact AT R-I connects capacitor C, to the 
rectifying bridge. The capacitor charges in about 0.05 s, i.e., until the contact 
1ATR-2 closes (its breaking setting is 0.09 s). Contact ZAT R-3 switches over 
capacitor C, to the circuits of the reading unit RU. 

Reading unit. The discharge of capacitor C, causes a current to flow through 
contact 2AR-1, the coil of relay 2A R, and capacitor C,, this causes relay 2A R-2 
to function. Next, contacts 2A R-1 open and contacts 2AR-2 and 2A R-3 close, 
contact 2AR-2 completely discharges capacitor C,, while contact 2A R-3 closes 
the circuit of pulse counter N of the reproduction unit. Relay 2AR resets and 
reconnects to the circuit of capacitor C,. The relay 2AR repeatedly functions 
if the current produced by the charge of capacitor C, carried by the circuit, 
including the contact 2A R-J, the coil of relay 2AR and capacitor C,, is greater 
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than the pickup current of relay 2AR. The second pulse is fed to the pulse 
counter N. The process is repeated until the relay 2AR functions under the 
action of the discharge current of capacitor C4. 

Reproduction unit. This unit contains pulse counter N. The pulse counter 
indications (i.e., the number of pulse registered) depends on the value of the 
charging current of capacitor C,. This value, in its turn, is determined by the 
magnitude of variable A being measured. 

The counter is reset for further operation by pressing the button B whose 
contacts short circuit capacitor C4. 

When the instruments are built commercially the ZATR programming 
device is made of high-speed polarized relays delayed through the use of R-C 
networks. Diode D prevents capacitor C, from discharging to the load of the 
rectifying bridge when the duration of the signal A under measurement is less 
than 0.09 s. The reproduction unit is completely transistorized [4-7], 

During the reading process the voltage across the capacitor C, is in propor- 
tion to the variable A 

Uc = kA (14-19) 


where k is the proportionality factor. 
When capacitor C, is connected to capacitor C, for the first time, the voltage 
across both capacitors decreases to 


ie othe kA (14-20) 

When it is connected for the second time the voltage across both capacitors 
C 2 

el a (14-21) 


In the nth connection, when the relay 2AR stops functioning and the voltage 
across the capacitors is equal to the threshold value U;,,, we have 


N 
Ux =U = (aoe) "kA (14-22) 


It follows from (14-22) that 


Ham (tay (14 6)" 





Uthr 
Hence 
Nin (142) = mA mng (14-23) 
Since 
1 1 Ci 
ses (14-24) 
ig (+) (C2/C1) Ce 
then 
k 
N =ke | In A +In Te | (14-25) 


27--01513 
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The A value when N = 0 


U 


Thus, when plotted to a semilogarithmic scale, the relation N = f (A) 
forms a straight line (Fig. 14-21). 


N 


Fig. 14-24. Semilogarithmic calibration characteristic of MUII-1 device 


From (14-25) it is seen that the important advantage of this type of instru- 
ment is that the straight line does not change as the capacitance of C, and C, 
vary proportionally, i.e., the instrument readings are not affected by ageing 
of the same type capacitors. 


14-7, Conclusions 


1. Automatic high-speed recording of the electrical processes resulting 
from faults makes analysis of the operating conditions and actions of automatic 
devices possible. The use of recording instruments and automatic oscillographs 
is a prerequisite of a properly organized power supply service. 

2. The recording instruments with accelerated paper speeds during faults 
in the power system are the most simple ones to use. 

3. The automatic oscillographs commercially available have automatic 
starting devices to economize on photographic paper and fix the starting time. 

4. The use of multichannel oscillographs enables changes in the currents 
carried by the various connections and of different sequences to be fixed. It is 
also possible to record the voltages of different sequencies and determine the 
sequence of operation when some elements of the automatic devices are at 
fault, a fact of utmost importance during the analyses of the operation of high- 
frequency differential phase protection. 

5. Automatic devices, fixing the starting values (0.04 s from the instant 
a fault occurs) of the backward- and zero-sequence currents and voltages, faci- 
litate servicing as the fault is readily located along the power transmission 


line. 
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14-8. Review Questions 


4. What is the difference between the operation of an automatic oscillograph and that 
of a recording instrument with accelerated paper speeds during faults? 

2. Under what conditions and by what methods are the automatic oscillographs started 
when a fault occurs? Explain why various starting procedures are used. 

3. How is the photographic film saved in the film-type automatic oscillographs when 
lightning arresters operate during storms? 

4, After a short circuit is cleared, the process under supervision continues to be recor- 
ded by the automatic oscillographs for some time. What is the purpose of this? What is 
the approximate stop delay time of the oscillograph? 

5. Explain the purpose of the camera attachment. 

6. How can electrical variables be recorded before a fault? 

7. Explain the purpose of devices which fix the values of current and voltage when 
a short circuit occurs. 

8. May an oscillogram produced by an automatic oscillograph be used in place of the 
readings from instruments fixing the currents and voltages resulting from short circuits? 

9. Why are the currents and voltages recorded in the fixing instruments 0.04 s after 
the occurrence of a short circuit? 

10. What are the methods underlying the operation of fixing instruments? 

11. What electrical measurements should be taken in order to locate a one-phase short 
circuit on a single power transmission line supplied at both ends and to exclude the influence 
of the transient resistance and arc at the point of fault? 

12. By what method are recording instruments transferred to accelerated recording? 

13. To record the character of changes in the real power at faults and in the after-fault 
operation of the power system, the input of the oscillograph is fed from the so-called “power 
transducer” in which the real power is transformed into a d.c. component. May a magnetic 
power transducer be used for the purpose (see Section 6-7)? 

14. Provision is made in the oscillograph starting device, type YIIO-1, to limit the 
oscillograph operating time and save photographic paper (film) when a fuse blows or a cir- 
cuit breaker trips in the circuits carrying the voltage being recorded. How is this action 
accomplished? 
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